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Foreword

Mineral trioxide aggregate commonly known as MTA has been favourably
received by the dental community for over two decades, due to its repertoire
of clinical applications. However this versatile dental material owes its hum-
ble origins to civil engineering and the construction industry. The late
Professor Thomas Pitt Ford was the veteran scientist and endodontist who
supervised the doctoral research of the MTA inventor Dr. Mahmoud
Torabinejad and the editor of this book Dr. Josette Camilleri. This scholarly
overview represents the first attempt in bringing together a diverse group of
academics and clinicians who have dedicated their research career on the
development and understanding of this tricalcium silicate-based material.

The book discusses the advances in the manipulation of the material over
the years, the chemical and physical properties of material in the non-hydrated
and hydrated phases along with its biological properties. An evidenced-based
discussion of the different clinical applications of MTA in endodontic treat-
ments and complications, traumatic injuries, and management of the pulp in
both dentitions is presented. However one must question if the biocompatibil-
ity properties apply to all the different presentations of the material.

Apart from presenting the latest research on MTA, the book cultivates an
important balance between basic research and the clinical disciplines. The
topics covered in his book highlight the need for thorough investigation using
appropriate testing designed specifically for the material under study.
Currently many of these specific testing designs are lacking for MTA. As
such, techniques and standards used for other dental materials have been
adopted and extrapolated for the study of MTA-type products. Some of these
adopted techniques may have limitations and may not have been correctly
used for investigation of calcium silicate-based materials.

An underlying theme of the book is that materials that are serving the
profession well in a particular field of dentistry may be adopted for new
applications in other dental disciplines. Thus, this book should be an impor-
tant reference for both materials science and clinical researchers.

Msida, Malta Nikolai Attard, BChD,
MSc Prosthodont (To), PhD (To)
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Introduction to Mineral Trioxide

Aggregate

Gustavo De Deus, Josette Camilleri,
Carolyn M. Primus, Marco Antonio Hungaro Duarte,
and Clévis Monteiro Bramante

1.1 Introduction

The first reported use of Portland cement in
dental literature dates to 1878, when Dr. Witte
in Germany published a case report on using
Portland cement to fill root canals [92]. At that
time, he would have been using a new material,
since Portland cement was invented in 1824.
No records exist of others following Dr. Witte’s
success or a further description of the materials
he used, although we can surmise that he used
a locally made Portland cement. Over a century

G. De Deus, DDS, MSc, PhD

Department of Endodontics, Grande Rio University
(UNIGRANRIO), Av. Henrique Dodsworth

85 apto 808 Lagoa, Rio de Janeiro,

RJ 22061-030, Brazil

e-mail: endogus @gmail.com

J. Camilleri, BChD, MPhil, PhD, FIMMM, FADM (D<)
Department of Restorative Dentistry,

Faculty of Dental Surgery, Medical School,

Mater Dei Hospital, University of Malta, Msida,
MSD 2090, Malta

e-mail: josette.camilleri@um.edu.mt

C.M. Primus, PhD

Primus Consulting, 7046 Owl’s Nest Terrace,
Bradenton, FL 34203, USA

e-mail: cprimus @me.com

M.A. Hungaro Duarte, PhD * C. Monteiro

Bramante, PhD

Department of Dentistry, Endodontics and Dental
Materials, Bauru Dental School, University of Sao
Paulo, Al Octavio Pinheiro Brisola 9-75, Bauru,

SP 17012-901, Brazil

e-mail: mhungaro@fob.usp.br; bramante @fob.usp.br;
clobra@uol.com.br

J. Camilleri (ed.), Mineral Trioxide Aggregate in Dentistry,

later, Dr. Mahmoud Torabinejad at Loma Linda
University and his coinventor Dean White
obtained two US patents [89, 90] for a Portland
cement-based endodontic material, which
became known as mineral trioxide aggregate
(MTA). Since then, over 20 new patents have
been issued in the USA and EU for materials that
include Portland cement for dentistry.

The term mineral trioxide aggregate (MTA)
was coined for a dental material containing
Portland cement blended with a radiopaque pow-
der [87]. The name is suitable first because
Portland cement is made from primarily three
oxides: calcia, silica and alumina (CaO, SiO, and
AlLO3). Secondly, minerals are used as the
sources for the oxides that are fired in a furnace
(kiln) to create an aggregation of phases. Lastly,
aggregate refers to the addition of the radiopaque
powder, analogous to the concrete industry that
refers to the additions of sand and gravel to
Portland cement as aggregate. Furthermore, the
powder particles of cement are aggregations of
the cement phases described hereafter.

1.2  Portland Cement

Portland cement is primarily tricalcium and
dicalcium silicate powder made by firing oxides
in a kiln. The invention of Portland cement is
attributed to Joseph Aspin in 1824 in England,
but his son improved the properties by raising
the firing temperature and creating the modern
firing regimen for Portland cement. Many other

DOI 10.1007/978-3-642-55157-4_1, © Springer-Verlag Berlin Heidelberg 2014
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inventors can be credited for their contributions
to the development of Portland cement manufac-
turing processes [60]. Prior to Portland cement,
Egyptian, Greek and Roman civilizations used
slaked lime (calcium hydroxide) mixed with a
fine form of silica, such as volcanic ash or fly
ash, a mixture denoted as pozzolanic cement. The
pozzolanic reaction, in Eq. 1.1, is the hydration
and reaction of a reactive, hydrated silica with
calcium hydroxide (Portlandite):

Ca(OH)2 +H,Si0, — Ca* +H,Si0,>”
+2H,0 — CaH,SiO, -2H,0 (1.1)

Portland cement differs from these ancient
cements because it contains the pre-reacted
hydraulic calcium silicate powders rather than
hydration of CaO or Ca(OH), with silica. Higher
compressive strengths were achieved with
Portland cements, which supplanted the use of
pozzolanic cement by the 1900s. However, poz-
zolanic materials (fine silica-containing powders)
are now added to Portland cement to reduce the
cost of Portland cement, improve workability,
retard the setting time or reduce the amount of
water needed.

For Portland cement, the raw materials, the
formula, the phase proportions and the firing and
grinding methods vary depending on the local
raw materials and are different in every cement
factory around the world. The raw materials usu-
ally are calcium carbonate blended with silica-
and alumina-containing minerals, such as (1)
limestone, shells or chalk for calcium oxide; (2)
shale, clay, sand, slag for silicon oxide and alu-
minium oxide; and (3) iron ore. Although the
materials vary widely, local raw materials are
preferred, particularly the limestone, to keep the
costs as low as possible. Although the ternary
(three) oxides are sufficient to make a Portland
cement, usually 5 % or less of iron oxide or iron
is present in the raw materials for reasons
explained below. The iron forms a dark-coloured
phase, which imparts the usual grey colour to
cement. For white Portland cement, the iron con-
tent of the raw materials is less than 0.5 %.
Chromium, manganese, titanium copper or vana-
dium or magnesium oxides are also capable of

colouring Portland cement. Firing of white
cement requires higher temperatures or the addi-
tions of fluxes other than iron oxide, such as alu-
mina or sodium and potassium oxides.

The formula for Portland cement is not unique,
but covers a range of silica, alumina and calcia
compositions. Materials scientists use phase dia-
grams to illustrate the equilibrium phase relation-
ships of materials, usually over a range of
temperatures. Figure 1.1a is a ternary phase dia-
gram for the primary components: silica, alumina
and calcia showing the various compounds that
can be formed by firing the three oxides in vari-
ous proportions. The range of Portland cement
compositions is the area denoted by “P” in
Fig. 1.1b, which includes primarily di- and trical-
cium silicate phases and less tricalcium alumi-
nate. Note that monocalcium silicate (CaSiO;,
also known as wollastonite) is not a hydraulic
(water reactive) phase and is not part of Portland
cement in Fig. 1.1.

Many standards have been developed for the
construction cement industry, from compositional
requirements to testing methods and require-
ments. For instance, Standard Specifications for
Portland Cement (ASTM C150) [5] or Cement:
Composition, Specifications and Conformity
Criteria for Common Cements (EN 197-1) [47]
standards for cement compositions restrict the
magnesium oxide to less than 5 %. Magnesium
oxide is commonly found with calcium com-
pound deposits, just as it is present in the human
bone (<5 %) but can expand when hydrated.
Barium oxide and phosphorous pentoxide are
common trace oxides found with calcium car-
bonate mineral deposits. Other common acces-
sory oxides in Portland cement are sodium oxide,
potassium oxide, titanium oxide, manganese
oxide, nickel oxide, phosphorous pentoxide, bar-
ium oxide, chromium oxide and fluoride, usually
in amounts less than 0.5 % and many at less than
100 ppm. The sodium oxide, potassium oxide,
sulphates (from the raw materials or the fuel) and
fluoride act as fluxing agents, reducing the fir-
ing temperature for Portland cement, which also
reduces the cost for making the cement.

The powdered raw materials for Portland
cement are blended and usually formed into
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Fig. 1.1 (a) The ternary phase diagram for calcia, silica
and alumina showing the many phases that can be formed
by reaction of these three oxides at various temperatures
(°F). Cement notation (abbreviations) is used for the

balls to feed into the kiln. Portland cement is
economically manufactured in large furnaces
called rotary kilns. During the first part of the
firing process (up to about 850 °C), the calcium
carbonate decomposes to calcium oxide releas-
ing carbon dioxide, a process called calcining.
The calcium oxide is retained in the powder

phases. (b) Section of the ternary phase diagram in (a)
showing the range of compositions P where Portland
cement is formed of tricalcium silicate (C3S), dicalcium
silicate (C2S) and tricalcium aluminate (C3A)

mixture in the kiln and reacts with the silicate,
alumina and iron oxide raw materials as the
temperature is gradually raised to about
1,500 °C and new phases are formed: calcium
silicates and aluminates. Figure 1.2 depicts a
typical progression during firing from raw mate-
rials to formation of the cement phases. Some
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Fig. 1.2 In this diagram
depicting firing of Portland
cement, the formation of
phases is depicted from the
raw materials reacting and
forming the calcium silicate,
aluminate and ferrite phases

intermediate compounds are formed during fir-
ing, which react further as the temperature is
increased. During firing, as much as 25 % liquid
is formed in the material, which solidifies dur-
ing cooling. This process, called liquid phase
sintering, hastens reactions to form the calcium
silicate phases and allows the firing temperature
to be lower. The firing diagram depicts a starting
material that included clay minerals and iron in
the raw materials.

The reacted ceramic materials that exit the
rotary kilns are large particles (>0.5 cm) called
clinker, because of the sound they make when
falling into a quenching bin after firing. The
clinker nodules are porous and contain several
ceramic phases as described below. Rapid cool-
ing is preferred to prevent decomposition of
alite to belite and lime (CaO) and to make the
grinding easier. Air quenching is usually used
to cool the clinker and ensure that only the beta
phase of dicalcium silicate (3-C,S) is formed
thus preventing the formation of the gamma
phase of dicalcium silicate (y—C,S). The beta
phase is more hydraulic; that is, this crystal-
line form of the dicalcium silicate more readily
forms hydrated C,S, a benefit to the strength of
Portland cement.

_-5., Calcite
(]
]
>
o)
[2]
s Alite
5 Belite
Q.
o
o
Quartz
Clay minerals Aluminate Aluminate
Y CizA7 Liquid :
Ferrite Ferrite
~ Iron oxides
400 800 1,200 Cooling

Temperature (°c)

Keeping the energy and raw materials’ costs
low is the primary objective for Portland cement
manufacturers, because it is a very price-sensi-
tive commodity. Local materials, lower firing
temperature, and minimal grinding are preferred
which keep energy and transportation costs
lower. Because of the price sensitivity, materials
of lesser purity and lower quality fuels are used
and grinding is minimized for manufacturing. For
instance, worn out automobile tyres are added as
a supplemental fuel in firing cement [30]. The
raw materials and the fuels can contribute minor
amounts of accessory oxides to the composition.

After firing, the clinker particles are crushed
and ground to a powder so that most of the cement
particles are smaller than 80 microns. Calcium
sulphate as gypsum (CaSO,-2H,0) is blended
with the powder, usually by grinding the materi-
als together (intergrinding). After grinding, the
calcium sulphate may be present as the soluble
anhydrite (CaSO,) or hemihydrate CaSO,-¥2H,0.
Sometimes, other organic grinding aids or CaO
are interground. The combined calcium silicate
and calcium sulphate powder is called normal or
“ordinary Portland cement” (OPC). The degree
of grinding determines what type of cement is
created; the types are defined in various cement
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standards including ASTM C150 [5]. Types I and
IIT are the most common with Type III being a
finer powder. The calcium sulphate is important
for construction because it delays setting reac-
tions in concrete as described below, which is
very important for transporting mixed cement and
for large concrete structure pouring.

Portland Cement Phases
and Reactions

1.3

After manufacture, OPC contains several phases
in the powder: alite (tricalcium silicate, C;S),
belite (dicalcium silicate, C,S) and a lesser
amount of tricalcium aluminate (C;A) and cal-
cium aluminoferrite (ferrite, C4,AF) phases. Free
lime (CaO) may be present, but preferably in a
minor amount, because lime is less hydraulically
active. Cement scientists calculate the possible
proportions of the cement phases from the raw
materials using the Bogue calculation [86].

The alite crystals are very reactive with water
and are usually present from 45 to 70 % of the
OPC. Belite crystals are less reactive and the
reaction is less exothermic; they usually consti-
tute 5-30 % of an OPC powder. Tricalcium alu-
minate’s hydration reaction is more exothermic
than that of alite or belite. Ferrite also reacts with
water, but weakly. The tricalcium aluminate and
ferrite phases each typically constitute less than
10 % of an OPC. When observed microscopi-
cally, the alite crystals are elongated and hexago-
nal. Belite crystals are more rounded or equiaxed.
Ferrite and aluminate phases are usually smaller
and attached to alite or belite crystals. Free lime
(CaO) forms thin hexagonal plates.

OPC reacts with water to form a solid mass of
hydrated gel and unreacted cement particles via a
complex and prolonged processes of exothermic
setting and hardening reactions. The water to
cement ratio is usually 0.3-0.7 by weight. Higher
proportions of water generally increase porosity
and permeability while decreasing the compres-
sive strength. The reaction products of hydrated
phases have been referred to as gels but are now
referred to as amorphous reaction products. These
processes are governed by the cement’s phase

composition, impurities in the phases, fineness of

the powder and additions to the cement or water

[86]. The cement literature describes the four

stages of setting and hydration:

1. Preinduction, lasting a few minutes

2. Induction or dormant period, lasting a few
hours

3. Acceleration, about 3—12 h after mixing

4. Post-acceleration from 12 h onwards

In Stage 1, the calcium sulphate, calcium alu-
minate and calcium aluminoferrite phases rapidly
dissolve, and superficial hydration of the alite
phase particles occurs. The calcium sulphate and
calcium aluminate form ettringite, a hexacalcium
aluminate trisulphate hydrate, of the general for-
mula (CaO)s(AL,O5)(S05);:32H,0, also written
as (Ca0);(Al,05)(CaS0,);-32H,0. Iron can sub-
stitute partially for the alumina, and carbonate
can partially substitute for sulphate. These
needle-like crystals grow in the liquid between
particles. Without calcium sulphate, the trical-
cium alumina hydrates rapidly, releasing heat,
and the hydration causes the cement to become
unworkable by quickly reacting with the water.
This phenomenon is denoted as “flash setting”. A
similar phenomenon of false setting occurs when
the sulphate is present as gypsum, not the anhy-
drite or hemihydrate. When hydration starts, the
gypsum may start to precipitate quickly which
gives the appearance of setting.

As the cement enters the acceleration stage,
both the alite and belite react, as does the forma-
tion of ettringite. During Stage 1 or 2, the cement
can be “remixed”’, which breaks up the nascent
hydration structure. During Stage 2 the cement
“sets”, which is a gradual transition in cement
from a fluid to a rigid state. Setting time is arbi-
trarily defined by laboratory testing procedures.
Initial and final setting tests are described for
cement, which are usually determined by using
weighted needles to penetrate the cement surface,
with either Vicat or Gillmore apparatus, as
described later. This stiffening of the cement is a
result of the water becoming part of the reaction
products on the cement particles that begin to
impinge on one another on the microscopic level.

Hydration of the alite crystals proceeds
in Phase 3 reducing the free water, and more
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calcium hydroxide precipitates from the liquid.
The hydration reaction for the tricalcium silicate
phase that began in Phase 1 resumes following
Eq. 1.2:

2Ca,Si0, +7H,0 — 3Ca0-2Si0, -4H,0
+3Ca(OH)2 (1.2)

As the amount of non-hydrated material
declines, hydration becomes a slower, diffusion-
controlled process of the alite and belite particles.
Some of the ettringite crystals dissolve to release
tricalcium aluminate and calcium monosulphate
(3Ca0-AL,O;+CaS0O,-12H,0).

During Stage 4, the belite phase continues
hydration following Eq. 1.3, forming the same
surface reaction product as alite but releasing less
portlandite:

2Ca,Si0, +5H,0 — 3Ca0-28i0, -4H,0
+Ca(OH), (1.3)

Slow hydration continues at a decreasing rate,
and the terminal amount of hydration is usually
reached after about 4 weeks. Unreacted cement
particles may remain in the solidified mass, each
surrounded by a layer of hydrated reaction prod-
ucts. These hydration reactions occur minimally
in the presence of moisture in the air. Hence, stor-
ing cement in bulk and protected from moisture
is advantageous.

1.4  MTA and Portland Cement

MTA was invented by combining a grey Portland
cement with bismuth oxide and used for end-
odontic applications [87, 90]. The original MTA
materials contained the same tri- and dicalcium
silicate major phases as Portland cement, with
about 20 % bismuth oxide. Also, the original
MTA products were expected to perform very
similarly to OPC in setting, strengthening
and hydrating, as was shown by Islam [58].
Unfortunately, the original description in the
dental literature was erroneous and contained
a description of MTA after reaction with water
as [88]:

calcium oxide and calcium phosphate .... The prin-
ciple compounds present in this material are trical-
cium silicate, tricalcium aluminate, tricalcium
oxide, and silicate oxide. In addition, there are
small amounts of a few other mineral oxides that
are responsible for the chemical and physical prop-
erties of this aggregate. Bismuth oxide powder has
been added to make the aggregate radiopaque.
Electron probe microanalysis of MTA powder
showed that calcium and phosphorous are the main
ions present in this material.

This often quoted description is wrong from
a chemical point of view because no compound
exists known as tricalcium oxide, and silicate
oxide is customarily written as silica or silicon
oxide. As a result, this first article on the physical
properties of MTA has confused other research-
ers who have examined MTA products [8].
Errors in the literature about the MTA material’s
compositions can be attributed to the researchers
using only energy-dispersive spectroscopy (EDS)
without confirmatory X-ray diffraction. EDS and
energy-dispersive X-ray analysis (EDXA) (elec-
tron microprobe analysis) are techniques to iden-
tify the characteristic X-rays from the elements
present in a material, but these techniques do not
identify the compounds (phases). Frequently,
researchers have reported the weight percentages
of silicon oxide, calcium oxide, aluminium oxide
and other metal oxides from EDS [61], EDXA
[8], XRF or ICP tests but ignored the apportion-
ment of the oxides into the crystalline phases
such as tri- and dicalcium silicate, tricalcium
aluminate or the presence of calcium carbon-
ate. Although it is convenient to detect elements
with an SEM equipped with EDS, the distribu-
tion of the phases by X-ray diffraction is equally
important. Knowledge of the crystalline phases is
essential because the phases determine the prop-
erties of the material and the body’s response.
Without knowing the compounds, a discussion
of energy-dispersive X-ray spectroscopy (EDS)
data is as erroneous as describing salt as sodium
oxide and chlorine rather than sodium chloride.
The X-ray diffraction analyses of MTA and the
appropriate crystalline phases present have been
reported [10, 19, 24, 57].

The initial reports from the MTA introduc-
tion period into the dental market stated that the
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material had a basic calcium and phosphorus
composition [88]; currently, it is scientifically
well established that MTA is comprised of about
80 % Portland cement, which has only trace
amounts of phosphorous. The material’s biocom-
patibility was regarded as a direct consequence
of its chemical similarity with hard dental tissues
[88]. However, later, it was correctly published
that MTA was primarily comprised of tricalcium
and dicalcium silicates [24], based on its compo-
sition including 80 % Portland cement.

In 1999, the Journal of Endodontics pub-
lished an abstract of the study presented at the
annual meeting of the American Association of
Endodontists (AAE), in which MTA was experi-
mentally compared to Portland cement [93]. In
this study, MTA’s and Portland’s cement chemi-
cal composition and biocompatibility were ana-
lysed, and comparable results were found. This
was the first time that MTA was scientifically
compared to Portland cement. In the following
year, Estrela et al. [45] published the first full
study in which MTA was directly compared to
Portland cement, concluding that both materi-
als were chemically similar, apart from bismuth
oxide (the radiopacifier agent) present in MTA.
Moreover, Portland cement and MTA were
reported to have similar pH and antibacterial
capacity. In the following year, Holland et al.
[51] also observed similar results between MTA
and Portland cement on direct pulp protection of
dog’s teeth.

After initial reports, various studies were pub-
lished comparing MTA with Portland cement. The
main reasons behind these research efforts were
the high price ($50 per gram) of the only MTA
product, ProRoot® MTA from Dentsply Tulsa
Dental, USA, and the possibility of developing
a low-cost alternative repair cement. Spangberg
[83] summarized the situation well in 2006, when
he stated that “ProRoot MTA (Dentsply, Johnson
City, TN) is a new material, but for practical pur-
poses is not very different from Portland cement.
The factor responsible for the beneficial effects
in ProRoot is also found in Portland cement”.
At the same time, concerns arose about the pos-
sible toxic metal content of Portland cement
and MTA. However, Spangberg [83] wrote that

“Considering the number of uncontrolled toxic
materials dentists are allowed to use clinically,
such as formaldehyde, cresol, mercury, phenol,
eugenol ... to name a few, less than half a gram
of Portland cement seems like an innocuous
amount”. Complaints about the poor handling,
slow setting and high price persisted, and many
articles were written comparing Portland cement
with ProRoot MTA or MTA-Angelus products
(Angelus, Londrina, Brazil). Chapter 7 describes
the properties of these materials in more detail.
Some tested the clinical use of Portland cement
[38] as an apical plug in the treatment of an open
apex tooth with apical radiolucency. The clinical
and radiographic follow-up showed treatment
success (Fig. 1.3a—d).

More than 150 studies compared MTA to
Portland cement, reinforcing the similarities with
the exception of bismuth oxide present in the first
two MTA products. Thus, it can be concluded that
MTA is a kind of Portland cement especially pro-
duced for dental use [8, 24, 45, 58]. Additionally,
it was ascertained that MTA has less iron-3 (Fe;)
and aluminium compounds than Portland cement
[34]. Another difference between the two materi-
als is the particle size; MTA has smaller and more
regular particles than common Portland cement
[34, 59].

Several researchers have raised concerns
about heavy metal contamination of both
grey and white MTA, believing that the arse-
nic or lead levels exceeded those permitted in
ISO 9917-1:2007 for powder/liquid acid-base
dental cements [55], namely, 2 or 100 ppm of
acid-extractable arsenic or lead. These con-
cerns arise from comparisons to construction-
grade Portland cements, which are known to
contain metal oxides including arsenic. Various
construction-grade Portland cements have been
tested as a substitute for MTA products because
MTA is expensive when compared to other den-
tal cements [1, 7, 58]. MTA is claimed to be
produced under controlled conditions, resulting
in a pure and well-controlled hydraulic cement
powder, composed of contamination-free bio-
compatible particles. This is an important issue,
since repair cements are classified as permanent-
contact implant devices with the potential of
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Fig. 1.3 Case report showing the use of white Portland
cement as an apical plug in a tooth with a necrotic pulp
and wide-open apex. (a) Preoperative radiograph of the
mandibular left premolar. Note the wide-open apex and
periapical radiolucent lesion. (b) Preoperative radiograph

causing damage or irritation of the periapical tis-
sue and delaying wound healing.

Studies have measured the total (not acid-
extracted) arsenic (Table 1.1) in Portland cements
and MTA products and found amounts that
exceed the ISO 9917-1:2007 [55] limits.
However, white Portland cement and white MTA
have lower arsenic contents than their grey coun-
terparts. Overall results of the heavy metals in
both MTA and some Portland cement brands are
negligible [81] and less than 10 ppm. Moreover,
it must be understood that although hydraulic
cements may have higher amounts of contami-
nants than those established by ISO 9917-1:2007
[55], leaching in solution is low (Table 1.2) [42,
81] as arsenic oxide is dissolved in the silicate
and is relatively insoluble [39].

with WCP placed at the apical portion of the canal
(approximately 3 mm). (¢) Immediate postoperative
radiograph with root canal filling and white Portland
cement in the apical third. (d) One-year postoperative
radiograph confirming healing of the periapical region

Table 1.1 Amount of arsenic in MTA and some com-
mercial brands of Portland cement

Arsenic (mg/kg) or

Material (mg/g)
CPM 11.06
CPM sealer 10.30
MTA-Obtura 0.39
MTA-Experimental 10.13
White MTA-Angelus 1.03
Grey MTA-Angelus 591
ProRoot MTA 5.25
Grey Portland cement 34.27
White Portland cement 0.52

Adapted from Monteiro Bramante et al. [66]

Portland cement powder has insufficient
radiopacity (<3 mm equivalent Al) [54] for den-
tal materials as required in ADA 57 [4] and ISO
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Table 1.2 Arsenic release (ppm) by MTA and some commercial brands of Portland cement

Votoran Ribeirdo Iraja branco ProRoot MTA Angelus
P 3h 168 h 3h 168 h 3h 168 h 3h 168 h 3h 168 h
M 0.0007 0.0003  0.0002 0.0002 0.0002 0.0002  0.0002 0.0002  0.0002  0.0002
DP 0.0006  0.0002 0 0 0 0 0 0 0 0

Adapted from Duarte et al. [42]

6876 [56] standard specifications. MTA’s radi-
opacity was first achieved by blending bismuth
oxide with the tricalcium silicate powder.
ProRoot MTA has on average 7.5 mm Al [20],
while MTA-Angelus has about 5.7 mm Al [17].
Lower radiopacity is attributed to less bismuth
oxide in MTA-Angelus with the latter having
14 % bismuth oxide [27] as opposed to ProRoot
MTA, which contains 20 % [10, 19]. Larger par-
ticle sizes or poorer dispersion also causes vari-
ations in radiopacity. The radiopacifier may
affect the hydration and final properties of the
cement. Bismuth oxide reduced compressive
strength and increased porosity, as well as
diminished the cellular growth [26, 32].
Leaching of bismuth in solution has also been
reported [20]. Furthermore tooth discolouration
has been associated with bismuth oxide in MTA
[11]. Studies have tested the radiopacity
imparted to raw Portland cement by higher
molecular weight additions of gold and silver
[20], zirconium oxide, calcium tungstate, zinc
oxide, iodoform and barium sulphate [20, 54]
(Table 1.3). Zirconium oxide has been studied
as an alternative radiopacifing agent with the
advantage of not affecting cement hydration as
well as improving cement mixture homogeneity
and consistency [22]. However, its atomic num-
ber is rather low compared to the usual dental
radiopaque agents.

Similar results have been measured for the
pH and calcium release by MTA and Portland
cement [20, 58]. Portland cement demonstrates
a higher calcium release ability than MTA due
to the higher percentage of tricalcium silicate
[18, 19, 73]. Moreover, it is important to note
that biomineralization phenomenon (formation
of hydroxyapatite in vivo) of both MTA and
Portland cement has been demonstrated [76]
(Fig. 1.4).

Table 1.3 Radiopacity (mm Al) of dentin and pure
Portland cement and its association with different radi-
opacifing agents

Material Average SD
Portland cement +bismuth 3.25 +0.38
carbonate

Portland cement +iodoform 4.24 +0.32
Portland cement+bismuth oxide 5.93 +0.34
Portland cement +lead oxide 5.74 +0.66
Portland cement +zinc oxide 2.64 +0.02
Portland cement+zirconium oxide 3.41 +0.19
Portland cement + barium sulphate  2.80 +0.18
Portland cement + bismuth 4.66 +0.42
subnitrate

Portland cement + calcium 3.11 +0.25
tungstate

Pure Portland cement 1.01 +0.01
Dentin 1.74 +0.02

Adapted from Hingaro Duarte et al. [54]

The setting time of the original MTA products
is too long for dental procedures. White versions
of ProRoot MTA and MTA-Angelus have been
reported to have initial and final setting times of
about 40 and 140 min, and grey ProRoot, initial
and final setting times of about 70 and 175 min
[15, 16]. MTA-Angelus is believed to lack cal-
cium sulphate, which is an effective setting retar-
dant. In Portland cements, an initial and final
setting time of about 70 and 170 min for the grey
one has been observed, while white Portland
cement requires 40 and 135 min for the initial
and final setting time [58]. These differences
may not be significant since there are interobser-
vational differences for the subjective setting
time test, as noted in the next section. All these
times are significantly longer than other dental
cements but shorter than some endodontic seal-
ers. Calcium chloride has been added to MTA
and Portland cement to shorten the initial setting
time [58] and may increase sealing, pH and
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Fig. 1.4 Biomineralization (a, b) and superficial crystal formation (¢) on white MTA-Angelus in phosphate buffered
saline [76]
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calcium release [14-16]. MTA solubility may be
equal to or slightly less than Portland cements
[21, 35, 58].

The sealability results show that Portland
cement and MTA are quite comparable, even
using different leakage models. Comparison of
MTA and Portland cement sealability using a
bacterial leakage model [40] and fluid transport
[37, 41] exhibited similar results. This finding is
in line with other results published on sealing
ability of MTA and Portland cement [13, 82].

The biological responses of MTA and Portland
cement have been compared by in vitro and
in vivo assays. In vitro results from cell culture
largely reported low cytotoxicity and no genotox-
icity by MTA and Portland cements [77, 79, 80].
In subcutaneous tissue of mice, the tissue reac-
tions were the same for MTA and Portland
cement [52, 78], promoting calcium carbonate
granule formation, even when iodoform was
added as a radiopacifier agent [36]. In pulp cap-
ping and pulpotomy for dog’s teeth, both MTA
and Portland cement have shown similar results
[51, 65]. Portland cement was successfully
employed in vivo as an apical plug in the treat-
ment of a wide-open apex tooth with apical lesion
[38] and also in primary teeth pulpotomies.

1.5 Comparison of White

and Grey MTA Products

The original MTA, dark grey in colour, was the first
commercial product ProRoot® MTA (Dentsply,
Tulsa Dental, Johnson City, TN, USA) in 1998. In
2002, the “tooth-colored ProRoot MTA” was intro-
duced and later patented [75], a material often des-
ignated in the literature as white MTA. The grey and
white versions of ProRoot MTA have similar com-
positions, but the tooth-coloured ProRoot MTA has
less iron, roughly 5 versus 0.5 % iron oxide, respec-
tively, as observed using energy-dispersive spec-
troscopy (EDS) [9, 24]. The white MTA was
reported to have a finer particle size [9]. As described
before iron oxide creates the calcium aluminoferrite
phase during manufacture of Portland cement. The
ferrite phase reduces the temperatures for cement

manufacture. Regardless of the compositional dif-
ferences, the biocompatibility of the grey and white
versions are similar [26]. However, the first report
for a prototype product of white ProRoot MTA
exhibited less biocompatibility when tested using
osteosarcoma cells than the grey version [72].

Portland cements are known for their dimen-
sional stability over time. Grey MTA is believed
to expand more than white MTA (1 vs. 0.1 %) in
water or 0.7 versus 0.1 % in Hank’s balanced salt
solution [85]. In another test of grey and white
ProRoot MTA materials, higher expansion was
measured for the grey versus the white products
(2.6 vs. 0.08 %), but varying the water/powder
ratio did not affect the setting expansion [50].

No significant differences in microleakage
have been reported between grey and white MTA
as a root-end filling material [62] nor when used
as apical barrier [84]. Conversely, grey MTA-
Angelus product exhibited better sealing ability
when used as an apical plug [31]. In a test of mar-
ginal adaptation, no significant differences were
measured among white MTA, grey MTA and
Portland cement [12]. Blood contamination has
a detrimental effect on the surface micro-hard-
ness of MTA. If blood or serum contamination is
unavoidable, white MTA [68] may be preferred
because it had higher surface hardness.

White and grey MTA materials have exhibited
the same beneficial clinical outcome when used
to treat pulpotomized primary molars [48] and as
a pulp-capping agent in treatment of vital teeth
[44, 70]: good biological response with no geno-
toxic effects [79]. Although there is evidence of a
very good biological response with both types of
MTA, grey MTA showed significantly higher per-
centage of dentine bridge formation than white
MTA [28]. Histological assessment of grey and
white MTA indicated that although both materials
were well tolerated, supported cell attachment,
proliferation and matrix formation [3, 91], more
inflammation was associated with white MTA
[71]. Addition of chlorhexidine to MTA resulted
in tissue inflammation in the white MTA, but the
grey was well tolerated [94]. Using MDPC-23
cells and XTT assay, two grey MTA products had
higher cell viability than white MTA. In this test,
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grey and white MTA products had intracellular
reactive oxygen species formation compared
with untreated cells, although cells exposed to
white MTA were not significantly different from
untreated cells [43]. Both grey and white MTA
were antimicrobial under aerobic conditions and
damaged bacterial DNA [78]. E. faecalis and S.
sanguis to MTA were more susceptible to dam-
age by white MTA than grey MTA [2].

To date, the differences in colour were a result
of a difference in iron oxide between grey and
white MTA products under the brand names
ProRoot and Angelus. By the end of 2013, more
than a dozen new MTA-type products have been
introduced that have various colours, particle
sizes and formulas, as described in Chap. 8. The
influence of the compositions on properties and
performance is open for research. At this time, no
one product or composition has shown superior-
ity in all physical and in vivo performance.

Standards Used to Test
Properties of MTA

1.6

International standards have been developed for
many dental products, and committees exist to
continually improve the suitability and the test
methods for dentistry. Although MTA has been
popular for root-end filling, no dental standard
exists for root-end filling materials. Prior to
MTA’s introduction, materials for root-end fill-
ing were not unique; that is, amalgam or other
zinc oxide eugenol-based restorative materials
were used. MTA products are not used as restor-
atives, and most MTA products are not used as
root canal sealers for which standards exist. This
gap in testing standards has allowed researchers
to apply any test from dental or cement standards
to compare materials. This has also created a
body of literature where comparisons are diffi-
cult because of the variety of test procedures. The
slow setting and gradual strengthening of most
MTA products over 4 weeks has also created new
challenges for dental material methods to com-
pare and evaluate MTA-type materials.

The International Standards Organization
(ISO) or American Dental Association (ADA)

specifications for root canal sealers do not
require strength tests however, this relatively easy
in vitro test has been used to compare MTA mate-
rials. Compressive strength has been measured
but is not an essential property for root-end fillers
because such materials are not subjected to occlu-
sion or other dislodging forces. Compressive
strength is commonly tested for restoratives,
and also for Portland cements. Many research-
ers and manufacturers have used the ISO 9917-1
[55] compressive strength test. In this standard,
the compressive strength testing method is per-
formed after 1 day, which is much too short for
the original MTA products so longer times are
used. The results of compressive strength of MTA
and tricalcium silicate-based materials are depen-
dent on the same factors as Portland cement [25]
including the liquid to cement ratio, the shape
and size of the specimen, the sample prepara-
tion, the loading rate [25, 69] and condensation
pressure during sample preparation [67]. When
using cylindrical specimens, the flatness and par-
allelism of the ends are essential, otherwise the
contact area between the specimen and the bear-
ing plate is changed. The effect of changes in the
water to powder ratio on the physical properties
and hydration of MTA has been described above
and also in Chapter 2. ISO 9917 [55] specifies
the use of cylindrical specimens with a diameter
of 4 and 6 mm high for compressive strength
testing. These moulds have been used in various
studies investigating the compressive strength of
MTA [67, 88]. Other researchers have used dif-
ferent sized moulds (12 mm in length and 6 mm
in diameter) [58]. Cylindrical specimens with a
height to diameter ratio of 2 are commonly used
in Portland cement research [25], because the
strength of cylinders for height to diameter ratio
of 2 is not influenced by the restraining effects
of the loading plates, a phenomenon well under-
stood in materials science. Values higher than 2
may lead to buckling of the specimens, and lower
values require the use of a correction factor when
calculating the compressive strength.

Setting of MTA products is quite different
from other dental materials. The hydration pro-
cess, particularly for dicalcium silicate phase in
MTA, occurs over a period of about 4 weeks. No
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other dental material matures over such a long
period of time. A second issue for testing the set-
ting of MTA materials is the need for water dur-
ing setting; drying conditions must be avoided.
The current ISO 6876 standard for root canal
sealer [56] specifies smaller diameter, shallower
plaster moulds for sealers that require water to set
versus sealers that do not require water, which
complicates testing and comparisons.

The ISO 6876 [56] setting procedure also
requires adding excess water to the sealers that
require water for setting, a procedure that is
necessary for traditional root canal formulas
in vitro. Adding water is not suitable for MTA
products because it changes the manufacturer’s
directions for use, and the physical properties of
hydraulic cements depend on the water to cement
ratio. Adding water diminishes the compressive
strength and increases the setting time for MTA,
while a low water to powder ratio, or drying con-
ditions, will reduce strength and appear to cause
setting by incomplete hydration. Factors that
increase the suitable water to powder ratio include
a high surface area of the powders, less radi-
opaque powder or radiopaque powder of a lower
molecular weight [23]. Researchers who have
created experimental powders and changed the
radiopacifier to a much higher or lower molecular
weight will note the changes in consistency of the
mixtures. The usual radiopaque powders are non-
cementitious and do not contribute to the kinetics
of the hydration reaction. When MTA powders
are mixed with excess liquid, usually the setting
is slower, the mixture is less viscous, more pores
will develop and the compressive strength will be
lower [33].

Setting time determinations have been made
by several methods, and the terms initial and final
setting are also used. The ISO 6876 [56] and ISO
9917-1 standards [55] use flat cylindrical indent-
ers of two sizes and two weights, but do not refer
to an initial and a final setting time. The lighter
weight and larger diameter needle is specified in
ISO 6876 [56] for root canal sealers, and the
heavier weight and smaller diameter needle is
specified for water-based cements in ISO 9917-1
[55]. These setting time assessment tests are
based on the visual inspection of a Gillmore nee-

dle’s impression into a cement surface, which is
subjective. Setting time comparisons are compli-
cated by some authors using the heavier Gillmore
weight for their tests [29, 53, 74], which neces-
sarily will make the setting times longer than
those who use the lighter weight Gillmore needle
[63]. The quantity of material tested affects the
results of setting time testing, which has also
made comparison of data difficult since most
investigators adapt moulds for testing rather than
using the precise moulds specified by the particu-
lar standard [14, 49, 58, 64]. Automatic Vicat
apparatus has been used by some, but the ability
to use the device at 37 °C without dry-out has not
been documented. Working time is defined based
on flow under a weight for root canal sealers,
which may be interpreted as an initial setting
time. A student reviewing the literature must be
alert to the test method used by the researcher;
particularly the mould size, the needle diameter
and the weight of the Vicat and Gilmore setting
time apparatus referred to in the literature.

ASTM C266 [6] for Portland cements speci-
fies the initial and final setting time to be deter-
mined with a lighter, larger diameter needle and
then with a heavier, smaller diameter needle.
However, this standard is designed for the cement
industry and requires 1,650 g in a mould 100 by
5 mm thick, which is much larger than most den-
tal samples. A Vicat apparatus is specified for
cement in EN 196-3; 2005 [46] which uses two
needles, weight for both being 300 g, and requires
400 g of cement.

Micro-hardness has been tested for MTA
products, but is not required for endodontic
materials in ISO or ADA standards. Micro-
hardness testing is performed by applying a
load to a material surface using a diamond
indenter. The most common test is the Vickers,
which uses a diamond-shaped indenter; others
have used the Knoop indenter that has an elon-
gated pyramidal shape. MTA is composed of
multiple phases of varied hardness that adds
variation to hardness measurements, depending
on where the small diamond indenter is placed
on the sample. Furthermore, some researchers
have not followed good sample preparation
procedures to create polished samples for
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indentation. Micro-hardness measures surface
properties of materials and has not been shown
to have clinical relevance to the performance of
MTA-type products.

The dimensional stability of materials is pre-
dictive of shrinkage or expansion and has been
specified for root canal sealers in ISO 6876 [56]
to be less than 1 % shrinkage and less than
0.1 % expansion after 30 days. However, the
newest version of ISO 6876: 2012 [56] elimi-
nated this requirement. The earlier version of
ISO 6876 and the ADA 57 test method specified
the measurement of the change in length of
cylindrical samples stored in water for 30 days.
This method measures dimensional changes in
one direction and assumes the material is iso-
tropic. A novel method has been developed
where by a linear variable displacement trans-
ducer (LVDT) for accurate measurement in the
vertical direction is used, with horizontal
restraint of the specimen in a metal mould [21,
85]. Large changes in dimensions are certainly
unwanted in any endodontic material because
of the potential for leakage or cracking of the
root for shrinkage or expansion, respectively.
The values measured for the MTA materials
have attested to the small dimensional varia-
tions that are characteristic of their Portland
cement “heritage”.

Conclusions

Tricalcium silicate is the main constitu-
ent of MTA and was adopted for dentistry
from construction-grade Portland cement.
Radiopaque powders are a necessary addi-
tion to tricalcium silicate for dental products.
In addition to tricalcium silicate, MTA prod-
ucts usually contain other cementitious phases
including dicalcium silicate, with minor
amounts of tricalcium aluminate, calcium sul-
phate or grey-coloured calcium aluminofer-
rite. This powdered material when mixed with
water forms a hard, high pH, dimensionally
stable material with remarkable biocompat-
ibility. The hydration process is complex, and
the strengthening of the tricalcium silicates
continues over about 4 weeks. Both grey and
white MTA products are available, analogous

to construction-grade Portland cements. No
definitive histological studies have shown
a superiority of any one product or the grey
versus the white versions. Ordinary Portland
cement should not be used clinically, because
a clinician would not know its purity, its parti-
cle size will be coarse and the material will not
be sufficiently radiopaque. Despite the over
1,000 articles that have been written about
MTA and root-end filling material, no dental
standards exist for testing MTA specifically,
accounting for its unique properties. Existing
test methods for dental materials and cements
have been adapted by researchers for evalu-
ation of the MTA products and experimental
alternatives.
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Composition and Setting Reaction

Josette Camilleri

2.1  Introduction

Mineral trioxide aggregate (MTA) has been
introduced as a root-end filling material due to its
hydraulic properties. Most dental materials
exhibit a deterioration in physical properties
upon contact with moisture. Thus, a hydraulic
material used in the construction industry was intro-
duced in order to counteract this problem. The first
US patent [79, 80] drawn for MTA explains this
invention saying ‘Due to the presence of blood
and moisture, the mouth is a less than ideal
environment for many materials which could
otherwise be useful as dental filling and sealing
materials. For example, typical amalgams are
sensitive to moisture and set less than adequately
if care is not taken to minimize moisture. Not
only is the cement of the present invention
not adversely affected by moisture in the mouth,
but such moisture actually plays an important
role in the hydration reactions responsible for the
hardening and sealing process’. The composition
of MTA and the processes of hydration will be
discussed in this chapter.
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2.2 Composition of Un-hydrated

Material

MTA is composed of a mixture of Portland
cement and bismuth oxide. The bismuth oxide is
added to the cement to enhance the radiopacity of
the material. The original MTA patent registered
in 1995 [79] stated that ‘MTA consists of
50-75 % (wt) calcium oxide and 15-25 % silicon
dioxide. These two components together com-
prise 70-95 % of the cement. When these raw
materials are blended, they produce tricalcium
silicate, dicalcium silicate, tricalcium aluminate,
and tetracalcium aluminoferrite’. The patent also
stated that ‘MTA is Type 1 Portland cement
(American Society for Testing Materials), with a
fineness (Blaine number) in the range of 4,500—
4,600 cm?/g. A radiopacifier (bismuth oxide) is
added to the cement for dental radiological
diagnosis’.

Calcium oxide and silicon dioxide are the raw
materials used for the manufacture of Portland
cement. When these oxides are sintered together
with other raw materials, tricalcium silicate,
dicalcium silicate, tricalcium aluminate and tetra-
calcium aluminoferrite are produced. The alumi-
noferrite phase is only present in the grey cement
[64]. White MTA was introduced later (circa
2001). The current US patent for white MTA is
dated 2011. This supersedes all previous applica-
tions. The white MTA uses the same formulation
of the grey version patented in 1995; however, the
2011 patent specifies the use of white Portland
cement with low levels of iron [69].

DOI 10.1007/978-3-642-55157-4_2, © Springer-Verlag Berlin Heidelberg 2014
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Fig. 2.1 Back-scatter
scanning electron
micrograph of polished
surface of MTA powder
(Reprinted with permission
from Camilleri 2007 [21].
Copyright ©2007, John
Wiley and Sons)

The US patent also states that the cement
component is to be ASTM International Type 1
Portland cement with a specific Blaine fineness
[2]. Portland cements used in industry are classi-
fied into different subcategories depending on
their intended use. ASTM Type 1 Portland
cements are common Portland cements that are
intended for general purpose use, precluding con-
tact with any chemical substances. The specified
Blaine fineness is 4,500—4,600 cm?*g indicating a
very fine cement. In fact, the Colton Fast-Set
brand was suggested for use.

The chemical composition and material
microstructure of un-hydrated MTA have been
investigated using various techniques. These
techniques include scanning electron microscopy
(SEM) [13, 17, 18, 21] and energy-dispersive
spectroscopy (EDS) [5, 13, 17, 18, 21, 28, 30],
X-ray fluorescence [17, 30] and X-ray diffraction
(XRD) analysis [5, 7, 66] as well as XRD with
Rietveld refinement [7, 17, 18]. The latter is valu-
able for quantitative analysis.

Scanning electron microscopy of polished
sections of un-hydrated MTA embedded in resin
shows distinctive cement grains and bismuth
oxide particles, which are separated from one
another. This feature indicates that the material
is composed of a simple mixture of the two
components (Fig. 2.1). The elemental composi-

tion of MTA as shown by EDS analysis indi-
cates the presence of calcium, silicon and
oxygen with minor peaks for aluminium, potas-
sium, magnesium and bismuth. A semi-quanti-
tative assessment of the elemental composition
can be worked out using a cobalt standard
assuming they are in the oxide form (Fig. 2.2).
The oxide percentage composition depends on
the mineralogy of the original cement. This can
be quantitatively determined by X-ray fluores-
cence. The levels of silicon and calcium vary
with the type of Portland cement used. Hence,
these elemental levels are different for each
brand of MTA.

The phases present in MTA are determined
using X-ray diffraction analysis. Using this
method of analysis, un-hydrated MTA exhibits
peaks for tricalcium silicate, dicalcium silicate
and bismuth oxide. Using a copper Ka tube,
each phase has a particular pattern as shown in
Fig. 2.3, which can then be searched and
matched with data derived from the International
Centre of Diffraction Data (ICDD) bank.
Bismuth oxide (ICDD: 27-0053) exhibits typical
peaks at 25.757, 26.906, 27.386, 28.010 and
33.229°20. Tricalcium silicate (ICDD: 86-0402)
exhibits peaks at 29.414, 32.193, 32.504,
32.623, 34.355 and 41.298°20. Dicalcium
silicate, usually exhibits a peak at 32.7°20,
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Fig.2.2 Energy-dispersive spectroscopy of a typical MTA powder and semi-quantitative elemental composition

however such a peak is difficult to discern, due
to its superimposition with the peaks present in
the tricalcium silicate phase. Tricalcium alumi-
nate is also present in un-hydrated MTA but in
minimal quantities. X-ray diffraction analysis of
MTA thus eliminates the myth that MTA is
composed mainly of oxides. Thus, the term ‘tri-
oxide aggregate’ is essentially a misnomer.
Quantitative phase analysis can be performed
by Rietveld refinement using an internal standard
such as rutile (titanium dioxide) added to the un-
hydrated MTA. The principle of Rietveld analy-
sis is to compare the experimental pattern with a
pattern simulated based on the presumed
amounts, crystal parameters and equipment
parameters of a mixture of known phases.

Rietveld refinement enables the amounts of dif-
ferent phases in anhydrous cementitious materi-
als to be determined to a high degree of precision
[71]. Quantitative assessment of ProRoot MTA
(Dentsply Tulsa Dental, Johnson City, TN, USA)
and MTA Angelus (Angelus, Londrina, Brazil) is
shown in Table 2.1. Both cements exhibit differ-
ent quantities of tricalcium silicate and dicalcium
silicate when compared to Portland cement. The
difference is due to variations in the manufactur-
ing of Portland cement used as a raw material for
preparing MTA. Phase analysis of ProRoot MTA
has been published by Camilleri in 2008 [18] and
has been validated by other researchers using
Rietveld X-ray diffraction analysis [7]
(Table 2.1). The main difference between the two
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Fig. 2.3 X-ray diffractogram of un-hydrated MTA showing the main phases present

Table 2.1 Rietveld X-ray diffraction analysis of the
phases present in un-hydrated Portland cement, ProRoot
MTA and MTA Angelus

Material type in mass %

Portland ProRoot MTA

Phases identified  cement  MTA® Angelus®
Tricalcium silicate 74.7 53.1(51.9) 66.1
Dicalcium silicate 7.4 22.5(23.2) 8.4
Tricalcium 3.6 0.0 (3.8) 2.0
aluminate

Gypsum 1.1 0.0 0.0
Hemihydrate 1.1 0.0 0.0
Anhydrite 2.7 1.5 (1.3) 0.0
Calcium carbonate 5.0 14 0.0
Calcium oxide 0.0 0.0 8.0
Bismuth oxide 0.0 21.6 (19.8) 14.0

Adapted from Camilleri [18], “Belio-Reyes et al. [7],
®Camilleri et al. [17]

studies is the presence of tricalcium aluminate in
ProRoot MTA in the latter study [7]. Lack of an
aluminate phase was also evident in scanning

electron microscopy of polished sections of
ProRoot MTA powder [18]. The absence of tri-
calcium aluminate phase, low levels of anhydrite
and absence of gypsum may infer that the cement
component in ProRoot MTA may not be a com-
mercial Portland cement manufactured in a kiln
but a laboratory-made cement. The manufacturer
of ProRoot MTA (Dentsply Tulsa Dental
Specialties, Tulsa, OK, USA) in fact claims that
ProRoot MTA does not utilise a commercial
Portland cement but the raw materials are certi-
fied for purity by inductively coupled plasma
(ICP) spectroscopy. In the same document, the
manufacturer also disclaims the presence of
phosphate, which was stated to be the main con-
stituent of MTA in the original publication [78].
In that publication, MTA was purportedly
reported to be composed of ‘calcium oxide and
calcium phosphate. Further analysis demon-
strated that the former appeared as discrete crys-
tals and the latter as an amorphous structure with
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no apparent crystal growth but a granular appear-
ance. The mean value of the prisms was 87 %
calcium and 2.47 % silica, the remainder being
oxygen. In areas of amorphous structure, there
seemed to be 33 % calcium, 49 % phosphate,
2 % carbon, 3 % chloride, and 6 % silica’.

Another calcium silicate-based cement, MTA
Angelus, was found to contain tricalcium alumi-
nate but no sulphate-containing phase (Table 2.1).
The absence of the gypsum is claimed by the
manufacturer to reduce the setting time of the
material. In fact, MTA Angelus has been shown to
set in less than 50 min [59], as opposed to ProRoot
MTA which was reported to have a setting time of
over 2 h [9, 10, 20, 25, 30, 78]. Furthermore, 8 %
calcium oxide is present in MTA Angelus [17].
This calcium oxide is a result of a raw mix with
poor combustibility and with an unstable thermal
profile. ProRoot MTA exhibits a higher level of
bismuth oxide when compared to MTA Angelus
(Table 2.1). This accounts for the higher radiopac-
ity of ProRoot MTA [15, 20].

2.3 MTAFineness

The MTA patent [79, 80] specifies the brand of
Portland cement used in the original MTA for-
mulation (Colton Fast-Set brand: Blaine number
in the range of 4,500-4,600 cm?/g). The Blaine
number is a numerical value which is calculated
using the Blaine fineness measuring equipment.
This is the industrial standard for measuring
cement fineness. The Blaine method is specified
by both European (EN 196-6) [34] and American
(ASTM C204) [3] standards. Both standards
specify an air permeability method wherein
a bed of cement of known density is prepared; the
resistance to a flow of air passing through the
cement is measured and the fineness of
the cement is calculated. This method measures
cement fineness compared to standard cement.
A range of 4,500-4,600 cm?g is considered
a fine cement.

Other industrial methods for measuring
cement fineness include the Lea and Nurse appa-
ratus. This method is an absolute method for
determining the fineness of a cement and is

adopted by most cement manufacturers. The par-
ticle size distribution of MTA has been calculated
using laser particle size analysis [14], optical
methods which involve measuring particle sizes
of cement on polished sections of cement powder
[5, 30], flow particle image analyser [54, 55] and
by using the BET (Brunauer—-Emmett—Teller) gas
adsorption method [12] to calculate the specific
surface area of MTA [13, 17]. The latter method
is an extension of the Langmuir theory, which is
a theory for monolayer molecular adsorption to
multilayers. This theory hypothesises that gas
molecules physically adsorb on a solid in layers
infinitely; as there is no interaction between each
adsorption layer, the Langmuir theory may be
applied to each layer. The BET method is widely
used in materials and surface science for the cal-
culation of surface areas of solids by physical
adsorption of gas molecules. By application of
the BET theory, it is even possible to determine
the inner surface area of hardened cement paste.
Optical assessment of MTA shows that the
cement contains more uniform and finer-sized
particles than Portland cement [5, 30]. However,
other researchers using the same method reported
coarser and more irregularly shaped crystalline
particles in MTA [5]. Optical assessment shows
that MTA consists of particles with diameters
ranging from less than 1 pm to approximately
30 pm, and occasionally up to 50 pm. Particles of
bismuth oxide (10-30 pm) are numerous [30].
Flow particle image analyses of various calcium
silicate-based hydraulic cements indicate that the
cumulative percentages of particles ranging from
6 to 10 pm for grey ProRoot MTA, white ProRoot
MTA, grey MTA Angelus, white MTA Angelus
and Portland cement are 65, 73, 48, 53 and 70 %,
respectively. Thus, MTA Angelus contains a
larger number of small particles with relatively
low circularity and a wider range of size distribu-
tion and is less homogeneous than ProRoot MTA.
Furthermore, white MTA contains smaller parti-
cles with a narrower range of size distribution
than grey MTA [54]. The cumulative percentage
of particles that are between 0.5 and 3 pm in size
was reported to be 88 % [55]. Laser granulometry
of MTA confirmed that this cement has a smaller
particle size when compared to Portland cement
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[28]. Moreover, bismuth oxide, which is not pres-
ent in Portland cement, exhibits a large particle
size when examined microscopically [13] and
with the use of laser granulometry [15].

ProRoot MTA and MTA Angelus were found
to have a similar fineness when tested using the
BET gas adsorption method [13, 17]. Both mate-
rials exhibit a specific surface area of approxi-
mately 1 m%*g. A novel MTA (MTA Plus
compounded by Prevest Denpro, Jammu, India,
for Avalon Biomed Inc. Bradenton, FL, USA)
has a specific surface area of 1,537 m?%g [13],
which is higher than the values obtained for MTA
Angelus [17]. The higher specific surface area
results in more surface available for cement reac-
tion, which, in turn, results in a more rapid reac-
tion rate.

24  Manipulation

Mineral trioxide aggregate is a water-based den-
tal cement. It is usually supplied in pre-dosed
powder and liquid that are mixed together to
obtain a homogeneous paste. The recommended
water/powder ratio is about 0.33. Changing the
water/powder ratio affects the properties of MTA.
The degree of solubility and the porosity of the
cement increases when the water/powder ratio is
increased. Cement pastes with a water/powder
ratio higher than 0.33 are not viscous enough for
clinical application. A ratio of 0.26 was the mini-
mum that allowed a mix of putty consistency that
can be manipulated [39]. Most MTA manufactur-
ers supply prepacked 1 g powders with ampoules
containing 0.33 g of water. Since the amount of
material in each package is large enough for sev-
eral applications, clinicians commonly estimate
the amount of water and powder at the chairside,
which results in using an unknown water/powder
ratio. Variations in the water/powder ratio do not
seem to affect the clinical performance of the
material, No significant difference in material
expansion [48] and no influence on the histologi-
cal outcome was observed for MTA mixed at dif-
ferent water/powder ratios when used as a direct
pulp-capping material on human healthy pulps
[74]. When taking into consideration water/

powder ratios in MTA, a distinction from water/
cement ratio should be made. MTA contains
20 % bismuth oxide, which does not react with
water. Thus effectively the water/cement ratio for
MTA mixed at a water/powder ratio of 0.33
would be 0.41. Thus, comparison of properties of
MTA with those of other systems using a differ-
ent quantity or no radiopacifier or mineral addi-
tives is not possible since the effective water/
cement ratio will vary depending on the quantity
of additive. Modification of the water/cement
ratio affects the properties of the set cement [29].

There have been a large number of reports on
addition of various chemicals to the mixing lig-
uid or replacement of the water by other liquids.
The most popular is calcium chloride [1, 4, 10,
53, 56, 85], calcium nitrite/nitrate and calcium
formate [85]. These chemical additions are also
used in the industry to accelerate the setting of
Portland cement. Setting accelerators affect the
setting reaction of both tricalcium silicate and tri-
calcium aluminate [65].

Addition of water-soluble polymers [11, 14, 16,
19] increases material flow. ProRoot Endo Sealer
is a commercial formulation using cement parti-
cles dispersed in a water-soluble polymer [49, 84].
The water-soluble polymer creates charges on the
cement particles, resulting in repulsion of these
charged particles with reduced flocculation and
increased material flow at low water/cement
ratios [65]. Propylene glycol has also been used
to improve MTA flow [33]. Other polymers have
been included to reduce washout of the unset
cement. Anti-washout liquid is included in the
MTA Plus formulation (compounded by Prevest
Denpro, Jammu, India for Avalon Biomed Inc.
Bradenton, FL, USA).

Other clinically available liquids have been
added to MTA to improve its handling character-
istics. These include local anaesthetic solution
[40, 50, 53, 81, 83], sodium hypochlorite,
chlorhexidine gluconate, saline and physiological
solution [42, 50, 53], calcium lactate gluconate
[51, 56] and citric acid [56]. The use of un-
hydrated MTA as a root-end filling material has
been reported [67]. Un-hydrated MTA will
hydrate using the physiological fluid available at
the root-end cavity. Non-specific and contradict-
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ing effects have been reported with the use of
these chemicals. Physiological and synthetic tis-
sue fluids contain chloride ions and glucose. The
former is a cement hydration accelerator [65]
while glucose is a hydration retarder. The combi-
nation of these effects may adversely alter the
cement paste microstructure. Local anaesthetic
solution contains both chloride and sulphate ions
which again have a conflicting effect on cement
hydration. A higher content of sulphate in the
cement may lead to sulphate attack, whereby
excessive expansion and cracking will be observed
over time due to delayed ettringite deposition
[64]. MTA is known to have low levels of sulphate
ions and, although these ionic levels would alter
the relative proportions of ettringite and monosul-
phate phases for a given degree of cement hydra-
tion, they are unlikely to create sulphate attack of
the set cement. The chloride present in both syn-
thetic tissue fluids and anaesthetic solutions may
also alter the relative proportions of ettringite and
monosulphate phases due to the formation of
Friedel’s salt (calcium chloroaluminate, 3CaQOe
Al,0;CaCl,*10H,0). The formation of Friedel’s
salt will change the lattice structure of hydrated
cement monosulphate phases and can potentially
lead to microcracking [64].

Other variations to the mixing liquid include
replacement of the water by various resins. These
modifications result in the development of light-
activated MTA and resin-modified MTA for
use as root canal sealer cement. Resin-modified
MTA reduces the setting time and enhances the
bonding to both dentine and overlying compos-
ite, thus purportedly reducing micro-leakage.
The use of a number of resin systems has been
reported, with the main ones being light-curing
systems containing bisphenol A-glycidyl meth-
acrylate (bis-GMA) and a biocompatible resin
[45, 46] consisting of 2-hydroxyethyl methacry-
late (HEMA), triethylene glycol dimethacrylate
(TEGDMA), camphorquinone and ethyl-4-
(dimethylamino)benzoate (EDMAB), with or
without polyacrylic co-maleic acid [42, 43],
bis-GMA and TEGDMA [36] and bis-GMA,
pyromellitic acid diethylmethacrylate (PMDM)
and HEMA [70]. Chemically cured resins have
also been employed [26, 36]. Other resins were

added with the aim of increasing material flow,
thus making MTA suitable to be used as a sealer
cement [45, 46]. One such formulation is mar-
keted by Angelus (Angelus, Londrina, Brazil) as
MTA Fillapex. The latter is composed of MTA, a
salicylate resin (methyl salicylate, butylene gly-
col and colophony) and other additives. Other
proprietary brands such as MTA Obtura and Endo
CPM Sealer exist. These sealer cements contain
other additives to the MTA formula, that enhance
material flow. Other experimental epoxy resin-
based systems that incorporate MTA as fillers
have also been reported as sealer cements [57].

Classically, MTA is mixed by manipulating
the powder and liquid components on a mixing
pad. Alternative mixing techniques such as the
use of an amalgamator have been investigated [6,
63, 73]. MM MTA™, manufactured by MICRO-
MEGA (Besancon Cedex, France), is supplied
as MTA capsules that enable the MTA to be
mixed using an amalgamator. Ultrasonic agita-
tion has also been employed for mixing MTA [6,
63, 73]. The effectiveness of mechanical mixing
and ultrasonic agitation is not clear, although
mechanical mixing was shown to enhance the
compressive strength of the set material, while
ultrasonic agitation was found to improve the
compressive strength of the material regardless
of the mixing technique [6]. In addition to
enhanced material micro-hardness [63], other
research has shown that the various mixing
methods have no significant effects on the resul-
tant MTA mixtures [73]. Application of a con-
densation pressure of 1.68 MPa results in
enhanced compressive strength. Higher conden-
sation pressures result in fewer voids and micro-
channels, while specimens prepared with lower
condensation pressures exhibit distinctive crys-
talline structures [62].

2.5 Washout

One of the drawbacks of MTA is washout after it
is placed in situ. Washout refers to the tendency of
a freshly prepared cement paste to ‘disintegrate
upon early contact with blood or other fluids’
[82]. Washout can be measured using different
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methods. Most methods involve immersion of the
unset cement in a liquid [24, 52, 58]. Agitation
[82] or freeze drying [52] is then employed to dis-
rupt the cement; alternatively the cement is
sprayed with air from a specified distance [68].
The amount of material lost is then determined
using photography [68] or quantified using a
gravimetric method [52, 82]. One of the latest
reported methods [37] includes a setup based on
Specification CRD-C 661-06 [75] which was
scaled down to allow testing of dental materials.
When the results were compared to a metered
water spray, they were found to yield quantitative,
objective and reproducible results [37]. In the
same study, MTA Plus and MTA Angelus exhib-
ited washout when compared to Intermediate
Restorative Material (IRM, Dentsply Caulk,

Milford, Delaware, USA) and dental amalgam.
The addition of anti-washout gel manufactured by
Avalon Biomed Inc. reduced washout consider-
ably [38].

2.6 Setting Reaction

Mineral trioxide aggregate hydrates when it
comes in contact with water and undergoes two
main reactions. The tricalcium silicate and dical-
cium silicate react with water to form calcium sili-
cate hydrate and calcium hydroxide. The
tricalcium aluminate reacts with water and, in the
presence of calcium sulphate, produces ettringite
initially. When the sulphate-containing phases are
depleted, a monosulphate phase is formed [21]:

2(3Ca0Si0,) + 6H,0 — 3Ca0.28i0,.3H,0 + 3Ca(OH),

2(2Ca0S8i0,) + 4H,0 — 3Ca0.28i0,.3H,0 + Ca(OH),

Dicalcium silicate + Water

3Ca0.AL,0, + CaSO, + H,0 — 3Ca0.Al,0,.3CaSO, 31H,0

Tricalcium silicate + Water calcium silicate hydrate + Calcium hydroxide (2.1)
calcium silicate hydrate + Calcium hydroxide 22)
Ettringite 2.3)

Tricalcium aluminate + Gypsum + Water

The reactions that occur in MTA after hydra-
tion are the same reactions that are seen in
Portland cement. During the initial stages of
reaction, calcium silicate hydrate is formed; coat-
ing the cement particles with calcium silicate
hydrate prevents further reaction. Tricalcium alu-
minate dissolves and reacts with the calcium and
sulphate ions present in the liquid phase to pro-
duce ettringite that also precipitates on the
cement particle surface. The initial phase is fol-
lowed by a dormant period wherein the hydrate
coating on the cement grains prevents further
hydration. The dormant period lasts for 1-2 h,
and is a period of relative inactivity when the
cement is plastic and workable. Following the
completion of the dormant period, setting of
the cement proceeds to the acceleration stage
wherein the hydration process accelerates again.

The rate of tricalcium silicate hydration increases
and more calcium silicate hydrate gel is formed.
Hydration of dicalcium silicate also increases at
this stage. Sulphate ions are depleted and mono-
sulphate forms from ettringite. Crystalline cal-
cium hydroxide also precipitates from the liquid
phase.

The hydration progress can be monitored
using calorimetry. The heat flux released by the
chemical reaction is monitored over time and
enables estimation of the beginning of setting and
the rate of increase of the mechanical perfor-
mance of the cement paste. Both MTA Angelus
and MTA Plus present an initial endothermic
peak followed by an exothermic peak (Fig. 2.4).
The first 2 h correspond to an induction period
followed by initial setting and then hardening of
the material. The initial endothermic peak is due
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to the wetting of the surface. The first part of the
exothermic peak is correlated with the very
rapid and very exothermic hydration [13, 17].
It is interesting to note that MTA Angelus exhib-
its a higher exothermic peak, which occurs ahead
of that of MTA Plus. This is caused by reaction of
the calcium oxide present in MTA Angelus with
water [17].

2.7  Characterisation of Set MTA

A combination of microscopy, elemental analy-
sis and phase analysis has been used to charac-
terise and evaluate the hydration mechanisms of
MTA [13, 17, 18, 21]. The X-ray diffractograms
are useful as MTA materials are mostly crystal-
line and individual mineral phases can be identi-
fied. Scanning electron microscopy allows
observation of material microstructure and sur-
face visualisation. Moreover, characterisation by
X-ray energy dispersive analysis provides quali-
tative information of the elemental constitution
of the test materials. Other useful methods have
been employed for characterisation of MTA,
including Fourier transform infrared spectros-

copy (FT-IR) and Laser Raman spectroscopy.
Laser Raman spectroscopy is largely complemen-
tary to infrared spectroscopy, but spectral inter-
pretation is simpler [8]. The major components of
Portland cement give distinctive Raman spectra
[41, 44]. Both FT-IR and Raman spectroscopy
have been used to investigate the interaction of
calcium silicate cements with physiological solu-
tions [27, 47, 76, 77]. These techniques are an
adjunct to phase analysis by XRD and aid to
verify the phases identified when peak overlap
exists; which is the main disadvantage associ-
ated with the use of XRD to analyse Portland
cement-based materials. This problem may be
addressed by using the Rietveld method [71],
which allows standardisation of powder diffrac-
tion analysis through the use of calculated refer-
ence diffraction patterns based upon crystal
structure models.

Reaction by-products produced upon hydration
of the cement are deposited around the periphery
of the un-hydrated cement particles. As hydration
proceeds, there is evidence of more reaction by-
products. The hydration reaction takes several
years to complete, although the cement mass
would have achieved the final hardening and
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Fig. 2.5 Back scatter
scanning electron
micrograph of hydrated
MTA after immersion in
water for 28 days showing
un-hydrated cement
particle enclosed by a
reaction rim. Shiny
particles are bismuth oxide
(x500 mag.)
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Fig.2.6 Secondary
electron scanning electron
micrograph of MTA
surface showing calcium
silicate hydrate (honey-
comb appearance) and
calcium hydroxide
(hexagonal plates)
deposited on its surface
(x2,500 mag.)
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maximum physical and mechanical properties by
28 days. Hydrating MTA can be observed on
back-scatter scanning electron micrographs of
polished cement specimens (Fig. 2.5). The forma-
tion of cement by-products can be monitored by
scanning electron microscopy in secondary elec-
tron mode. Calcium silicate hydrate exhibits a
typical honeycomb appearance, while calcium
hydroxide is deposited in the form of hexagonal

plates (Fig. 2.6). The surface deposits are evident
on the cement surface and may be measured by
optical profilometry [35] (Fig. 2.7). The composi-
tion of the surface deposits in turn can be assessed
using XRD analysis with the glancing angle mod-
ification. Phase analysis is usually performed by
powder diffractometry using the Bragg—Brentano
principle and thus moving both the X-ray source
and the detector at a specified angle and speed.
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Fig.2.7 Surface a
noncontact profilometry of
MTA surface (a) before 1.0000 ¢

and (b) after immersion in
Hank’s balanced salt
solution (Reprinted from
Formosa et al. [35],
copyright 2012, with
permission from Elsevier)
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With the glancing angle technique, the surface
analysis is greatly enhanced by reducing the inter-
ference from the sample substrate and increasing
the absorption path of the incident beam within
the layer itself. An X-ray diffractogram of the
MTA surface deposits exhibited a definite peak
for beta-calcium phosphate when MTA was
immersed in a physiological solution, whereas no
peaks were visible when the material was
immersed in water (Fig. 2.8).

TaiCaan 1.0 mm x 1.0 mm 401 x 401

Leaching of calcium hydroxide in solution
may be monitored by inductive-coupled plasma
mass spectroscopy (ICP-MS). High levels of
calcium ions have been demonstrated in solution.
If MTA is left exposed to the environment, the
calcium hydroxide reacts with the atmospheric
carbon dioxide resulting in deposition of calcium
carbonate on the cement surface. These deposits
are commonly mistaken to be an integral part of
the cement microstructure.
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Fig.2.8 Glancing angle X-ray diffractogram of MTA analysing surface deposits on MTA after immersion in water and

Hank’s balanced salt solution (HBSS) for 28 days

Calcium silicate hydrate is amorphous and
thus cannot be detected by X-ray diffraction anal-
ysis. However, the other cement components and
bismuth oxide are crystalline. As hydration pro-
gresses, a rise in calcium hydroxide peak (ICDD:
44-1481) is seen at 18.008 and 34.102°26 using a
copper Ka X-ray radiation. The un-hydrated tri-
calcium silicate phase (ICDD: 86-0402) at
29.414, 32.193, 32.504, 32.623, 34.355 and
41.298°20 usually decreases in intensity (Fig. 2.9).
Quantitative measurements of the different
phases of MTA may be performed using Rietveld
refinement of X-ray diffraction plots (Table 2.2).
This quantitative assessment verifies the reduc-
tion in tricalcium silicate and dicalcium silicate
levels of the un-hydrated cement as hydration
proceeds, with the formation of calcium silicate
hydrate. Calcium hydroxide and low levels of
ettringite are also produced.

Energy-dispersive spectroscopy gives the ele-
mental distribution of particular elements in the
hydrated MTA. A series of X-ray spectra are col-

Table 2.2 Rietveld X-ray diffraction analysis of the
phases present in un-hydrated and hydrated ProRoot MTA

Material type in mass %

Phases identified Un-hydrated Hydrated
Tricalcium silicate 53.1 10.6
Dicalcium silicate 22.5 14.9
Tricalcium aluminate 0.0 0.0
Gypsum 0.0 0.0
Hemihydrate 0.0 0.0
Anhydrite 1.5 0.0
Calcium hydroxide 0.0 14.4
Calcium silicate hydrate 0.0 49.5
Ettringite 0.0 2.1
Bismuth oxide 21.6 8.4

Reprinted with permission from Camilleri [18]. © 2008
International Endodontic Journal

lected and quantified using suitable mineral stan-
dards. The data plotted in a standard format
shows atomic ratios of silicon and calcium (Si/
Ca) plotted against aluminium and calcium ratios
(Al/Ca). These atomic ratio plots are used in
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Fig. 2.9 X-ray diffractogram of un-hydrated and
hydrated MTA after 1 and 28 days showing the main
phases present. The tricalcium silicate peaks are more
pronounced in the un-hydrated MTA compared to the

scanning electron microscopy and X-ray energy-
dispersive analyses (SEM/EDS) studies of
cementitious materials and enable the principal
hydration products to be differentiated. An atomic
ratio plot for MTA’s main constituents is shown
in Fig. 2.10a. The atomic ratio plots of MTA
show a mixture of calcium hydroxide and cal-
cium silicate hydrate.

Infrared and Raman spectra also exhibit dis-
tinctive features for MTA [36, 44, 76]. Typical
FT-IR plots for un-hydrated MTA and hydrated
material before immersion and after immersion in
solution for 28 days are shown in Fig. 2.11. The
un-hydrated MTA displays a tricalcium silicate
peak at ~875 cm™!. Tricalcium silicate (peaking at
~875 cm™) is also identified in all the set cements

hydrated forms. Portlandite is only present in the hydrated
MTA. BO bismuth oxide, P portlandite or calcium
hydroxide, TCS tricalcium silicate

with the peak reduced in intensity when compared
to the un-hydrated material. The set MTA exhibits
a characteristic set of bands at 973-981 cm™!
which are attributed to tricalcium silicate hydrate.
These are the most intensive bands in all the spec-
tra and can be assigned to Si—O stretching.
In addition, very weak bands at 821-842 cm™
also assigned to Si—O stretching vibrations are
also present. The splitting of the band in the
1,000-850 cm™ region results from the presence
of silicate phases. The bands in the region of
1,640 cm™! are due to H-O-H bending vibrations
of H,O molecules. Calcium hydroxide, which is a
by-product of hydration of tricalcium silicate
cement, also exhibits bands in the region of
1,600-1,400 cm™'. The bands at 1,600-1,300 cm™!
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Fig.2.10 (a, b) Atomic ratio plots of (a) Al/Ca versus Si/  bismuth and calcium silicate hydrate gel of MTA mixed
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(b) Bi/Ca and Si/Ca demonstrating the relationship of  [21]. Copyright ©2007, John Wiley and Sons)
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Fig. 2.11 Fourier transform infrared (FT-IR) spectroscopy of un-hydrated MTA, hydrated MTA and hydrated MTA
stored in water and Hank’s balanced salt solution (HBSS) for 28 days



2 Composition and Setting Reaction

33

correspond to the asymmetric stretching of CO;*~.
Calcium carbonate is formed from the surface
carbonation of cements by reaction of the calcium
hydroxide with the atmospheric carbon dioxide.

Bismuth oxide is added to MTA to act as a
radiopacifying agent since Portland cement is not
sufficiently radiopaque. Quantitative X-ray dif-
fraction analysis (Table 2.2) identifies a reduction
of bismuth oxide after cement hydration, with
8.4 % present in the hydrated cement as opposed
to the 21.6 % in the un-hydrated material [18].
Atomic ratio plots of Bi/Ca versus Si/Ca demon-
strate a linear relationship between bismuth and
silicon; the result infers that bismuth is replacing
silicon in the calcium silicate hydrate structure
(Fig. 2.10b).

2.8 Trace Elements

Since the main constituent of MTA is Portland
cement, some concerns have been raised about the
inclusion of trace elements in MTA. Portland
cement is manufactured from naturally occurring
raw materials in a kiln. Sometimes, waste materi-
als are used as raw materials in the manufacturing
of Portland cement for the construction industry.
Additionally, waste materials are also used as
replacement for primary fuels in order to keep the
manufacturing costs low. This potentially leads to
the inclusion of trace elements in the final prod-
uct. Traces of arsenic, lead and chromium have
been reported in both grey and white MTA
[22, 23, 31,32, 60, 61, 72]. Although the levels of
acid-extractable trace elements are high, the
amounts leached in solution are negligible. The
inclusion of heavy metals in Portland cement has
raised concerns regarding its use as a base mate-
rial for MTA, since the latter is applied in contact
with both hard and soft human tissues.

Conclusions

Mineral trioxide aggregate is composed of
Portland cement and bismuth oxide radiopaci-
fier. The cement component is in turn com-
posed of tricalcium and dicalcium silicate and
tricalcium aluminate which on reaction with
water form calcium silicate hydrate and

calcium hydroxide from the reaction of tri-
and dicalcium silicate and ettringite and
monosulphate from the reaction of tricalcium
aluminate with water in the presence of gyp-
sum. Addition of chemical and mineral oxides,
cement fineness and incorporation of anti-
washout gel can modify the setting time,
workability, washout characteristics and reac-
tion kinetics of the cement. Un-hydrated and
set MTA can be characterised by a variety of
techniques including SEM and EDS analysis,
XRD with and without Rietveld correction,
FT-IR and laser Raman techniques. A combi-
nation of techniques is always advisable.
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Properties of Hydrated Mineral
Trioxide Aggregate
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3.1 Introduction

MTA has been currently commercialized in two
different forms, the gray (GMTA) and the white
version (WMTA). In particular, the white MTA
was developed due to the potential discoloration
promoted by the gray version of the cement. The
chemical composition of the MTAs is very simi-
lar to that of Portland cement despite the addition
of components containing bismuth in the MTA’s
cements [91, 128], which aims to confer radi-
opacity to the materials [34]. The mixture of the
MTA powder with distilled water results in the
formation of by-products, such as calcium
hydroxide and calcium silicate hydrate gel [27,
28] as discussed in Chap. 2. The particular mech-
anism of hydration and the structure of the set
material result in particular properties displayed
by the set MTA.

The initial pH of the MTA is approximately
10.2, but it increases to 12.5 after 3 h immersed
in solution [177]. MTA has the ability to sustain
high values of pH during long periods [75]. The
high pH values exhibited by MTA are attributed
to the constant release of calcium and the forma-
tion of calcium hydroxide.
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Several studies had reported release of cal-
cium from MTA [12, 74, 131]. The calcium ion
release is enhanced when calcium chloride is
added as an accelerator to MTA [12]. Moreover,
when MTA was placed into the root canals of
teeth with simulated radicular resorption, a
greater calcium ion release was detected in com-
parison to teeth not filled with MTA [131].

3.2 Setting Time

The hydration of the MTA powder produces a
colloidal gel, which solidifies and results in a
solid structure. MTA 1is prepared by mixing the
powder with distilled water using a ratio of 3:1
(powder/distilled water) [184]. It presents longer
setting time (2 h and 45 min) in comparison to
other retrograde materials, such as amalgam,
super ethoxy benzoic acid (super EBA), and
intermediate restorative material (IRM, Dentsply
Caulk, Milford, Delaware, USA) [177].

GMTA presents initial and final setting times
that are higher than the WMTA [92]. In compari-
son, WMTA exhibits a lower setting time than
Portland cement. This can be attributed to the lower
levels of tricalcium aluminate and sulfur in the
WMTA [53]. The long setting time makes MTA
unsuitable for most of the clinical applications.

When evaluated in the presence of human
blood and minimal essential media, MTA
(Dentsply Maillefer, Tulsa, OK) set faster than
EndoSequence Root Repair Material (ESRRM;
Brasseler, Savannah, GA, USA) [44]. Different
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powder-to-water ratios also exert influence on
MTA'’s properties, promoting longer setting time,
higher pH levels, and calcium ion release when a
greater volume of water was used [41].

3.3 Compressive and Flexural

Strength

After 24 h of mixing, MTA exhibited lower com-
pressive strength (40 MPa) when compared to
super EBA and IRM. However, the compressive
strength values of the materials became statisti-
cally similar after 21 days [177]. This increase in
compressive strength in the aged material is
likely related to the hydration rate of the dical-
cium silicate, which is slower than the tricalcium
silicate [53]. Other researchers reported the max-
imum compressive strength of MTA being
achieved after few days of mixing [164]. Studies
analyzing the compressive strength of different
MTASs in comparison to Portland cement after 3
and 28 days demonstrated that white MTA exhib-
ited lower values when compared to the gray ver-
sion [92]. Although some studies suggested that
bismuth oxide promotes deterioration of the
mechanical resistance of the cement when differ-
ent ratios were added to the Portland cement
[155], the strength of the resultant material was
not affected when compared with pure white
Portland. The reported deterioration was caused
by a gradual increase in porosity of Portland-
based cement [49].

The in vitro compressive tests used to evaluate
the strength of dental materials are relative and
just predict the clinical behavior. Experimental
models proposed to evaluate the fracture resis-
tance of immature bovine teeth with intra-
radicular reinforcement and treated with MTA
[23] indicated that the association of cast post
and MTA increased the resistance to fracture of
weakened teeth. In another study with immature
teeth, the obturation of the samples with gutta-
percha, MTA, and a calcium phosphate-based
cement promoted significant radicular reinforce-
ment [40].

The influence of a calcium hydroxide intra-
canal dressing on the fracture resistance of

immature teeth filled with MTA has also been
tested, and the results showed that the intra-canal
dressing was not able to increase the fracture
resistance of these teeth [10]. On the other hand,
the use of the intra-canal dressing with time-
frames from 2 weeks up to 1 year in teeth obtu-
rated with MTA presented greater resistance to
fracture when compared to those filled with cal-
cium hydroxide after a year. The authors also
observed the presence of a metalloproteinase-2
(TIMP-2) inhibitor only in the MTA samples,
and they attributed the greater fracture resistance
of these teeth to the inhibitory effect promoted
by TIMP-2 on collagen destruction [83].

3.4 Bond Strength

The bond strength analysis of a reparative mate-
rial used to seal dental perforation is important
due to the fact that the material can suffer dis-
placement under occlusal forces which might
result in sealing failure. The bond strength values
for ProRoot MTA ranged from 4.7 MPa after
72 h covered with a moist cotton pellet which
increased to 7 MPa after immersion in solution
for 2 months [139] to 3 MPa increasing to 10 MPa
after 21 days [76]. The presence of moisture pro-
moted greater MTA bond strength [76]. MTA is a
hydraulic cement; thus, it improves its properties
in the presence of moisture. When MTA is stored
in a humid environment, the material bond
strength increases with time [53]. Also, the MTA
bond strength is significantly increased when the
material is stored in synthetic body fluids, such as
phosphate-buffered saline or Hank’s balanced
salt solution. These solutions have the ability to
promote biomineralization which can exerts a
positively influence on bond strength. The effects
of the biomineralization process on bond strength
of the ProRoot MTA (Dentsply Tulsa Dental,
Tulsa, OK, USA), white MTA (Angelus Solucdes
Odontolégicas, Londrina, PR, Brazil), MTA BIO
(Angelus Inddstria de Produtos Odontolégicos
Ltda., Londrina, PR, Brazil), and Portland cement
with or without calcium chloride has been studied
[139], and the samples immersed in phosphate-
buffered saline exhibited greater resistance to
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displacement when compared to the samples
that remained in contact with a moistened piece
of cotton.

The surrounding pH is another factor that can
affect the MTA adhesion. A study with radicular
slices of teeth filled with WMTA immersed in
neutral (pH 7.4) or alkaline (pH 8.4, 9.4 or 10.4)
synthetic tissue fluids (STF) was performed, and
the greatest and the lowest bond strength values
were obtained after exposing the samples to pH
8.4 and 10.4, respectively. These results confirm
the hypothesis that the WMTA adhesion is
directly affected by an alkaline pH [152]. The
opposite had also been tested. The influence of an
acid environment on WMTA bond strength was
evaluated using the same methodology. The
samples filled with WMTA remained in contact
with gauze soaked with neutral phosphate-buff-
ered saline solution (pH 7.4) or with acid solu-
tions (pH 4.4, 5.4 and 6.4). The highest bond
strength values of the WMTA were verified with
samples exposed to pH 7.4, and these values
decreased with lower pH values, proving that
acid environments also lead to lower MTA adhe-
sion [162].

The physical or chemical treatment of the den-
tin surface using diode laser and MTAD™
(Dentsply, Tulsa Dental Specialities, Tulsa,
Oklahoma) also may decrease the MTA adhesion
[150]. MTA also demonstrated lower bond
strength values when compared to IRM or super
EBA after contacting whitening substances, such
as sodium perborate in saline solution, Superoxol,
or sodium perborate mixed with Superoxol [107].
Furthermore, nano-modification of the cement
particles enhanced the push-out bond strength of
the MTA [149].

3.5 Microhardness

The MTA microhardness values were reported to
be 37.54 [79] and 53.56 [120, 151]. A variety of
factors such as surrounding pH [101, 120], mate-
rial thickness [112], mixing techniques [122], con-
densing pressure [121], powder particle size [146],
etching [96], blood and serum contamination
[123], and temperature [151] can affect MTA

microhardness. An acidic environment [120],
blood and serum contamination [123], and low
temperatures [151] reduced the microhardness of
MTA. Alternatively, MTA microhardness was
improved by reducing the particle size of the
MTA powder which increased the surface area of
the material [146]. Apical plugs 5 mm thick were
considered to be more resistant than thinner ones
(2 mm thick) [112]. Acid treatment of the dentin
prior to restorative procedures can negatively
affect the compressive strength and the micro-
hardness of MTA. Therefore, it is reasonable to
perform restorative procedures only 96 h after
placing MTA [96]. The authors suggest that the
changes promoted by acids over MTA surface
might potentially improve the adhesion of resin-
ous materials. Layering of different materials
over the MTA surface when it is used to seal per-
forations with cyanoacrylate, glass ionomer
cement, or castor oil did not improve the micro-
hardness and/or the sealing ability of MTA [26].

3.6 Dimensional Stability

The dimensional stability of dental materials can
be influenced by several factors which include
the conditions for setting and the solubility levels
of the material. MTA exhibits hygroscopic expan-
sion when in contact with tissue fluids [30, 168]
and shrinkage if allowed to dry out [30]. The
expansion of the material after setting [92] may
enhance the sealing ability of MTA [45].

3.7  Solubility

The literature reports that MTA has low or no
solubility [54, 177]. However, it has been observed
in some studies that the solubility increases with
time [75] and it is influenced by powder-to-water
ratio; when a greater amount of water is added to
the mixture, a material with higher porosity and
solubility is produced [74]. Comparing white and
gray MTAs, the white version of the cement
exhibited greater solubility [92]. Although bis-
muth oxide is an insoluble substance, the pres-
ence of this substance in the composition of MTA
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may be responsible by the solubility of the cement
due to the fact that bismuth oxide causes a deteri-
oration of the mechanical strength and it increases
the relative porosity of the material [49].

Initially, the immersion of white MTA in dis-
tilled water resulted in a decrease in weight, fol-
lowed by an increase in weight after 30-day of
immersion in physiologic solution. The loss
weight has been attributed to the release of cal-
cium hydroxide, while the increase in weight is
likely related to the deposition of apatite crystals
on the material surface [161].

3.8 Porosity

The influence of water-to-powder ratio on MTA
porosity had been studied; the solubility and the
porosity levels of the material increased with
higher water-to-powder ratio [74]. The influence
of the surrounding pH on MTA porosity levels has
also been evaluated. White Portland and white
MTA were submitted to two different environ-
ments, an acid medium with pH 4.4 and another
with pH close to neutral (7.4). The porosity analy-
sis revealed that the pore volume of white MTA
was lower than those of white Portland at both pH
values [147]. As described before, in the solubil-
ity section, the addition of bismuth oxide as radi-
opacifier in MTA cements is responsible for
mechanical strength deterioration which likely is
related to the gradual increase on porosity, which
demonstrated a direct correlation between bis-
muth oxide amount and porosity [49].

3.9 Sealing Ability

The success of a root canal repair material depends
on its sealing ability, since the post-endodontic
treatment failure is usually due to the sealing fail-
ure. The sealing ability of MTA has been evalu-
ated since its development. A sealing ability study
with amalgam, super EBA, and mineral trioxide
aggregate (MTA) as root-end filling materials
showed that MTA leaked significantly less than
amalgam and super EBA [184]. When the same
materials were evaluated in root-end cavities

contaminated by blood, MTA also demonstrated
significantly lower leaking levels when compared
to amalgam, super EBA, and IRM [175]. In addi-
tion, MTA presented better bacterial sealing than
amalgam, super EBA, and intermediate restor-
ative material (IRM) as root-end filling material
[182]. The marginal adaptation of mineral triox-
ide aggregate (MTA) as a root-end filling was
assessed by scanning electron microscopy (SEM),
and MTA exhibited better adaptation compared to
amalgam, super EBA, and IRM [183]. Therefore,
MTA was shown to be superior to amalgam and
comparable with super EBA in preventing micro-
leakage when used as a root-end filling [17].

A literature review evaluating the sealing abil-
ity and biocompatibility of MTA from November
1993 up to September 2009 demonstrated that
MTA presents an adequate sealing and it is a bio-
compatible material [180].

A variety of studies had been performed to
evaluate MTA cements in comparison to other
conventional cements in order to assess the seal-
ing ability of these materials used as root-end fill-
ers. Several methods have been employed to
compare MTA to other materials that have been
established as root-end filing materials in order to
assess their sealing ability. The sealing ability of
IRM Caps (IRM), Fuji IX Capsules (Fuji IX)(GC
Europe, Leuven, Belgium), and ProRoot MTA
tooth-colored formula (MTA) in human teeth was
studied using the fluid transport method and capil-
lary flow porometry. The conventionally setting
glass ionomer cement Fuji IX showed the best
results when used as a root-end filling material
[56]. Using a bacterial leakage model with
Streptococcus salivarius, Resilon (Pentron Dental
Products, Wallingford Center, Connecticut, USA)
and MTA leaked significantly less than super
EBA [109]. In comparison to Portland cements,
both white and gray MTA showed comparable
sealing ability when tested using dye leakage
[160]. A number of sealers, namely, Sealer 26
(Dentsply, Addlestone, United Kingdom) and
Endo CPM Sealer (EGEO SRL, Argentina,
Buenos Aires), were compared to white MTA and
zinc oxide eugenol-based cements demonstrating
comparable sealing ability when materials were
all used as root-end filling materials [172].
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MTA has also been compared to EndoSequence
Bioceramic Root-end Repair (Brasseler, Savannah,
Georgia, USA), and it could be observed that
Endosequence exhibited equivalent sealing abil-
ity to white MTA when used as root-end filling
material [119]. On the other hand, another study
used a bacterial leakage model with Enterococcus
faecalis demonstrated that the Endosequence putty
leaked significantly more than MTA [85].

The sealing ability promoted by mineral
trioxide aggregate (MTA Bio) when mixed with
antibacterial vehicles, such as chlorhexidine and
doxycycline, was compared to the conventional
mixture with water. Both antibacterial mixtures
did not affect the sealing properties of MTA Bio
[13]. The sealing ability of MTA, glass ionomer
cement, or resin composite when used to repair
large pulp chamber floor perforations was
assessed using a bacterial leakage method with
Enterococcus faecalis. The resin composite
leaked significantly more than MTA and glass
ionomer cements. Also, it was observed that bac-
teria could penetrate into dentin even at a dis-
tance from the perforation filling [106]. The
sealing of wide-open apices with apical plugs of
white MTA Angelus, MTA Bio, ProRoot MTA,
and Portland cement all cements allowed fluid
movement [58].

In addition to assessing the sealing ability of
MTA and comparing it to other materials, other
factors affecting the sealing ability of the test
materials were also evaluated. The effect of stor-
age temperature on sealing ability and solubility
of MTA was studied in root-end cavities filled
with white MTA stored at 4, 25, or 40 °C. The
highest microleakage and solubility rates were
observed in 4 °C followed by samples submitted
to 25 and 40 °C. Based on these findings, the
storage temperature appears to play an important
role in the properties and hence clinical outcomes
of MTA [148].

The influence of different apicoectomy
angles and root-end cavities prepared with dif-
ferent instruments on amalgam and gray MTA
sealing ability was also evaluated. The only fac-
tor that seemed to affect microleakage signifi-
cantly was the retrofilling material used to seal
the cavities, with MTA exhibiting less leakage

than amalgam [137]. Following this research,
the sealing ability promoted by ProRoot MTA
and MTA Angelus in retrograde cavities pre-
pared with low-speed burs, ultrasonic or Er, Cr:
YSGG laser was compared using fluid-filtration
methodology. The results showed the Iless
microleakage level with cavities prepared with
Er, Cr: YSGG laser for all the tested materials,
with no significant statistical difference between
the materials [98].

If the root-end cavity preparation does not
seem to exert any influence on material’s sealing
ability, the condensation technique may have
some influence on sealing. Root-end cavities
were filled with ProRoot MTA® using ultrasonic
vibration or sonic vibration in comparison to the
control group (no vibration) and immersed in
rhodamine B and assessed for leakage by tracing
the fluorescent dye showed that sonic vibration
promoted the lowest leakage values and may be
considered an efficient aid to improve MTA seal-
ing ability in root-end fillings [20].

Another factor that seems to affect MTA
sealing ability is water-to-powder ratio. The
apical dye leakage in teeth retro-filled with
white ProRoot MTA, using 0.28, 0.33, and 0.40
water-to-powder ratios of MTA and packed
with plugger or wet cotton, was evaluated. The
results showed that packing with moist cotton
pellet in lower-liquid-to-powder ratios of MTA
as well as packing with a plugger in higher-
liquid-to-powder ratio decreased apical dye
leakage [129].

Another factor that could influence the sealing
ability of MTA is the irrigation regime employed
during treatment of furcal perforations. Sodium
hypochlorite and sodium hypochlorite in addition
to ethylene diamine tetraacetic acid (EDTA) and
MTAD were assessed by the fluid-filtration
method after 1 day and 1 week. Leakage was not
affected by the material used to seal the perfora-
tion, but the use of chelating solutions (EDTA and
MTA) in association with NaOCl affected sealing
[187]. Corroborating these findings, an apical
microleakage study with teeth obturated with
MTA showed that the apical microleakage is less
when the smear layer is present than when it is
absent [195]. The cavity thickness had no
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influence in bacterial leakage of the MTA retro-
fillings. In addition, the authors suggested that
removing smear layer may not be necessary in
root-end cavities filled with MTA [194].

3.10 Antibacterial Properties

The antimicrobial evaluation of dental materials
requires knowledge of antimicrobial methodol-
ogies. The most used methodologies to evaluate
the antimicrobial property of dental materials
are the agar diffusion test and the direct contact
test. The agar diffusion test depends on the dif-
fusion ability of the tested material, which may
not reflect the true antimicrobial action while
the direct contact test is based on the effects pro-
moted by the material on bacterial population
when the material under investigation is placed
in direct contact with the tested microorganism.

Microorganism choice should take into con-
sideration the most important species involved
in the development of periapical disease. For
antimicrobial effect evaluation of endodontic
materials, the use of Enterococcus faecalis is
important because this is a microorganism com-
monly associated with endodontic treatment
failures. However, other microorganisms such
as fungi and anaerobic microorganisms are also
implicated in endodontic infections. One factor
that may influence the results is the microorgan-
ism organization. Microorganism can be studied
in planktonic form or organized in biofilms. In
the planktonic form, the cells are in suspension
and they are more sensitive, since they are not
protected as in the biofilm form, which is a clus-
ter formation protected by an extracellular lipo-
polysaccharide matrix highly resistant to the
action of antibiotics and disinfectants. Due to
the differences between methodologies, the
types of the microorganisms, and their organiza-
tion, variation in the results of antimicrobial
activity studies of dental materials may be
observed.

Since MTA’s introduction in 1993, numerous
studies have been published regarding various
aspects of this material. The antibacterial
and antifungal properties of MTA have been

evaluated. Several investigations reported that
MTA has limited antimicrobial effect against
some microorganisms. A literature review
regarding the chemical, physical, and antibacte-
rial properties of MTA with published papers
from November 1993 up to September 2009
related that MTA possesses some antibacterial
and antifungal properties, depending on its
powder-to-liquid ratio [133].

The antibacterial effects of amalgam, zinc
oxide-eugenol, super EBA, and MTA on nine
facultative bacteria and seven strict anaerobic
bacteria were evaluated. Mineral trioxide aggre-
gate had antibacterial effect on some of the facul-
tative bacteria and no effect on any of the strict
anaerobic bacteria. Zinc oxide-eugenol and super
EBA pastes had some antibacterial effects on
both types of bacteria tested [179]. Another study
showed that the antimicrobial activity of the cal-
cium hydroxide paste was superior to MTA and
Portland cement for all microorganisms tested
[68], and no antimicrobial activity was observed
against E. faecalis [115], while MTA was effec-
tive on other strains (E. coli (ATCC 10538), C.
albicans (ATCC 10231), Actinomyces viscosus
(ATCC 15987), and S. mutans (ATCC 25175)
[82]. ProRoot MTA demonstrated no antimicro-
bial activity against S. aureus, E. faecalis, C.
albicans, S. mutans, and Streptococcus sanguinis
[193]. Some investigations had suggested that
MTA has antifungal effect against C. albicans
when freshly mixed [9].

Different root-end filling materials and root
canal sealers (Sealer 26, Sealapex [Kerr, Orange,
California, USA] with zinc oxide, zinc oxide
and eugenol, white and gray Portland cement,
white and gray MTA Angelus, and gray ProRoot
MTA [Dentsply/Tulsa Dental, Tulsa, Oklahoma,
USA]) were evaluated against Kocuria rhizoph-
ila (Micrococcus luteus) (ATCC 9341), S.
aureus (ATCC6538), E. coli (ATCC10538), P.
aeruginosa (ATCC27853), C. albicans (ATCC
10231), and E. faecalis (ATCC 10541). All
materials were shown to possess antimicrobial
activity [174]. The antimicrobial effects of four
mineral trioxide aggregate preparations, two
white colored (WMTA-1, WMTA-2) and two
gray colored (GMTA-1, GMTA-2), against C.
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albicans and E. faecalis were assessed in vitro,
and the origin of MTA as well as the type of
preparation may affect its antimicrobial charac-
teristics [8]. The gray MTA required lower con-
centrations than WMTA to exert the same
antibacterial effect against each of the microor-
ganisms tested [7].

Other materials that had the antibacterial
properties compared to MTA (ProRoot MTA)
were the amalgam, intermediate restorative mate-
rial (IRM), Super Bond (Sun Medical, Shiga,
Japan), Geristore (Denmat Holdings, Lompoc,
California, USA), Dyract (Dentsply Caulk,
Milford, Delaware, USA), Clearfil APX (Kuraray,
Hattersheim am Main, Germany), and Protect
Bond (Kuraray, Hattersheim am Main, Germany).
These materials were examined using direct con-
tact test (DCT) with S. aureus, E. faecalis, and
P. aeruginosa. IRM and ProRoot MTA were gen-
erally more potent inhibitors of bacterial growth
than the other tested materials [63]. The antimi-
crobial effect of MTA Dentsply (Tulsa Dental,
Tulsa, Oklahoma, USA), MTA Angelus, calcium
hydroxide, and Portland cement against P. aeru-
ginosa, E. coli, Bacteroides fragilis, and E. fae-
calis was also evaluated. MTA Dentsply, MTA
Angelus, and Portland cement inhibited the
growth of P. aeruginosa. Under anaerobic condi-
tions, the materials failed to inhibit E. faecalis
and E. coli [141].

Some changes in the composition of the MTA
are proposed to increase its antimicrobial property.
The antimicrobial activity of MTA and calcium-
enriched mixture (CEM) mixed with different con-
centrations of chlorhexidine were evaluated against
E. faecalis, S. mutans, C. albicans, Actinomyces spe-
cies, E. coli, and a mixture of these microorganisms.
The results demonstrated that the mixture of MTA
and CEM with different concentration of chlorhexi-
dine significantly increased the antibacterial activity
[21]. The use of 0.12 % chlorhexidine gluconate
as vehicle to mix MTA enhanced the antimicrobial
activity of tooth-colored ProRoot mineral trioxide
aggregate (MTA) against Actinomyces odontolyticus
(ATCC17982), F. nucleatum (ATCC2586), S. san-
guis (ATCC10556), E. faecalis (ER3/2S), E. coli
(SM10lambdapir), S. aureus (ATCC6538), P. aeru-
ginosa (UME), and C. albicans (ATCC10261).

MTA/chlorhexidine showed significantly larger
zones of inhibition than MTA/water [169]. Two
percent chlorhexidine was shown to be the most
effective concentration even against E. faecalis
[89]. Iodine potassium iodide in combination with
MTA did not significantly increase the antimicro-
bial activity of MTA [145]. Howeyver, the addition
of silver zeolite to MTA showed that the incorpo-
ration of silver zeolite may enhance the antimicro-
bial activity of MTA [126].

The hypothesis that the antimicrobial activity
of gray and white MTA is related to the induction
of reactive oxygen species (ROS) was evaluated.
Both cements showed antimicrobial activity
under aerobic conditions. On the other hand, both
cements were not able to induce any bacterial
inhibition under anaerobic conditions, suggesting
that the inhibitory action is a result of ROS pro-
duction [143].

3.11 Radiopacity

Mineral trioxide aggregate includes 20 % bis-
muth oxide which is added to enhance the radi-
opacity of the material [185]. The radiopacity of
MTA depends on the quantity of bismuth oxide
added. ProRoot MTA exhibits a radiopacity of
around 8 mm aluminum thickness [29, 32, 92,
177]. The radiopacifier loading of ProRoot MTA
is 21.6 % [18, 28]. MTA Angelus has less bis-
muth oxide (14 %) than ProRoot MTA [38] and
exhibits lower radiopacity values [32, 38, 41,
190]. An assessment of the amount of bismuth
oxide necessary to confer the necessary radiopac-
ity to MTA showed that 15 % addition of bismuth
oxide was an adequate amount [25].

The analysis of the radiopacity and biocom-
patibility of MTA, Portland cement, and Portland
cement plus bismuth oxide suggested a positive
correlation between the concentration of the radi-
opacifying agent and radiopacity values.
Moreover, the histological evaluation suggested
that all materials were biocompatible after 7 and
60 days [50]. However, the increase of bismuth
oxide concentration is related to further deterio-
ration of the material mechanical strength and
increase in porosity [49].
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The radiopacity of other retrograde materials,
such as MTA Bio, light-cured MTA, Sealapex,
and Portland cement clinker with bismuth oxide
and calcium sulfate, had been compared to white
MTA and all the retrograde materials met the
minimum radiopacity standards of 3 mm Al
except the light-cured MTA [190].

3.12 Color Stability

Endodontic materials might be responsible for
tooth discoloration, which may compromise aes-
thetic outcomes. MTA has been used in several
clinical procedures such as retro-fillings, repair
of perforations, direct pulp cappings, and pulp-
otomies and as apical plugs in teeth with necrosis
and incomplete apex formation [134]. However,
this material presents some disadvantages,
among which is tooth discoloration. Clinical
reports describe the discoloration promoted
by gray MTA on marginal gingiva when it was
used to seal a perforation in upper incisors [22].
In this case, the treatment for tooth discoloration
consisted in the replacement of gray MTA by
white MTA. It is also reported that white MTA
promoted tooth discoloration after pulpotomy
[19], but when MTA was removed, significant
color change of the dental crown was observed.
The teeth remained vital and the formation of a
dentinal bridge was clinical and radiographically
confirmed. The authors suggested that the use of
white MTA in aesthetic zone should be revised.

Many factors contribute to tooth discoloration
in the presence of white MTA. Contamination
with blood [71, 102] and contact of MTA with
sodium hypochlorite [31] and presence of light
and oxygen levels within the root canal [188,
189] result in MTA and tooth discoloration. Some
alternative treatments had been attempted to pre-
vent crown discoloration promoted by MTA.
Dentin bonding agent has been applied before
placing white or gray MTA in endodontically
treated teeth, and it has showed an ability to pre-
vent tooth discoloration [5].

A literature review about tooth discoloration
promoted by endodontic procedures demon-
strated that there is limited data about the

discoloration promoted by endodontic materials
currently available [99]. The authors suggested
that the endodontic therapy should be focused not
only on biological and functional aspects but also
on the aesthetic condition. Therefore, further
researches are required aiming to develop new
endodontic materials that do not promote tooth
discoloration.

3.13 TraceElements

The amount of heavy metals present in MTA-
based materials and Portland cements is a general
concern among clinicians with respect to clinical
employment. Several studies identified the pres-
ence of these chemical elements, especially arse-
nic. The limit of arsenic recommended by the
International Standards Organization (ISO) in
water-based cements is 2 mg/kg of material.
Some studies investigated the presence of arsenic
on several types of MTA and Portland cement.
Only MTA-Obtura (Angelus Inddstria de
Produtos Ontolégicos Ltda., Londrina, PR,
Brazil), white MTA (Angelus), and white
Portland demonstrated arsenic levels below to the
limit established by ISO 9917-1 [90].

Arsenic levels had been measured in two types
of gray Portland, one white Portland and two
MTAs (ProRoot MTA and MTA Angelus). The
levels of arsenic identified in Portland cements
and MTAs were similar and much lower than
those considered harmful [116]. MTA and
Portland cements presented low amounts of arse-
nic, suggesting that these materials can be con-
sidered safe for clinical use [61]. In another
study, the levels of arsenic, lead, and chromium
were quantified in hydrated gray and white
Portland cement, ProRoot MTA, and MTA
Angelus. All cements displayed higher levels of
chromium release in comparison to arsenic and
lead. White Portland and the two types of MTA
exhibited low release levels for all metallic ions.
Moreover, both Portland cements and the MTAs
showed evidences of heavy metals in the acid-
soluble form [157]. The amount of arsenic
released from other brands of MTA and Portland
had also been compared. Gray MTA (Angelus,
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Londrina, PR, Brazil), gray ProRoot MTA (Tulsa/
Dentsply, Tulsa, OK), and Portland cement
(Brasilatex Ltda, Diadema, SP, Brazil) have dis-
played no traces of arsenic [59].

A consecutive and more complex research
investigated the levels of ten different heavy met-
als (arsenic, bismuth, cadmium, chromium, cop-
per, iron, lead, manganese, nickel, and zinc) in
two versions of Portland cements (gray and
white) and in the two versions of MTA (gray
and white). The concentrations of arsenic and
lead were higher in the gray Portland which
exhibited a higher amount of seven heavy metals
when compared to the other materials. The MTAs
presented higher purity levels when compared to
the Portland cements, especially with respect to
the arsenic amount [43].

A literature review about the composition of
a Portland cement also dedicated especial atten-
tion for arsenic levels. The findings demonstrated
that Portland cement is not cytotoxic and exhibits
low levels of arsenic release. Furthermore, this
cement has the ability to induce the deposition
of reparative dentin, and it also allows cellular
adhesion and proliferation [57]. Another inves-
tigations about arsenic release from gray and
white MTA also demonstrated that the concen-
tration of arsenic released by both MTAs were
lower than 2 ppm [111], which is the limit sug-
gested by ISO [90]. The arsenic levels released
by MTA and Portland cements were also evalu-
ated concomitantly to hydrogen potential and
electrical conductivity [80]. These authors also
verified insignificant levels of arsenic in both
materials.

Lately, a variety of MTA-based materials were
introduced in endodontics, and the levels of
heavy metals have also been a concern in these
materials. Thus, the levels of arsenic, chromium,
hexavalent chromium, and lead between ProRoot
MTA and Ortho MTA (BioMTA, Seoul, Korea)
(MTA-based materials) were compared, and both
materials demonstrated to be in accordance with
ISO 9917-1 specifications with respect to arsenic
and lead levels [42].

Calcium silicate-based materials have
also been investigated with respect to arsenic
release. Pure tricalcium silicate, Biodentine, and

Bioaggregate were compared to conventional
Portland and MTA cements. All the materials
displayed higher arsenic content than the level
specified by ISO 9917-1 (2007) [90]. On the
other hand, the levels of lead were considered
acceptable [33].

3.14 Biocompatibility

In vitro studies have been conducted to evaluate
the MTA biocompatibility. The general survey of
studies indicates that MTA is a biocompatible
material. A review of literature on the constitu-
ents and biocompatibility of mineral trioxide
aggregate (MTA) using papers published from
November 1993 to August 2005 demonstrated
that cytological evaluation was the most widely
employed biocompatibility test, and these studies
have shown that MTA is biocompatible [37]. The
review of properties, biocompatibility, and the
clinical outcomes involving the use of mineral
trioxide aggregate in endodontic treatment was
performed using papers from January 1990 to
August 2006. The results show that MTA is bio-
compatible and has excellent potential to be use
in endodontics [144].

A systematic review investigated whether the
use of mineral trioxide aggregate for repair of an
endodontic-periodontal communication leads to
regeneration of the adjacent periodontal tissues.
The databases MEDLINE-PubMed, Cochrane-
CENTRAL, and EMBASE were searched up to
July 2012, and in vivo studies reporting the his-
tological response of the periodontium to MTA
were selected. Within the limitations of the
selected papers, the findings were consistent
with regard to MTA’s biocompatibility and
cementogenic ability. Experimental studies with
animals showed that MTA can promote healing
towards regeneration [95]. Other literature
reviews presented a variety of articles regarding
the biocompatibility of MTA. The review of the
literature was performed using electronic and
hand-searching methods from November 1993
to September 2009. Based on available evidence
it also appears that MTA is a biocompatible
material [180].
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In vitro studies on the biocompatibility of
MTA, investigating the cellular proliferation
and viability, using different cell lines in direct
and/or indirect contact, have been performed,
and MTA exhibited no cellular toxicity [130].
Several cell lines have been employed, and the
use of biological markers aids in the assessment
of material biocompatibility. MTA encourages
cell proliferation and cytokine production [81].
Cells formed a monolayer over the material sur-
face [197]. Cell morphology is mostly assessed
by scanning electron microscopy [15, 197] or by
MTT (3-[4,5-dimethylthiazol-2-y1]-2,5 diphe-
nyl tetrazolium bromide) assay [35]. The assess-
ment of the cellular metabolic function and
proliferation of both the material and elution has
been assessed and showed no toxic leachables
from the gray or white MTA and accelerated
Portland cement. Furthermore, the addition of
bismuth oxide did not interfere with the material
biocompatibility [35] although bismuth oxide
itself does not encourage cell growth and prolif-
eration [36].

The genotoxicity and cytotoxicity of gray and
white mineral trioxide aggregate (MTA) was
assessed and compared with Portland cements by
the comet assay and trypan blue test. The cements
and neither the compounds produced genotoxic
effects or cellular death [140, 142].

The addition of various accelerators did not
impair MTA biocompatibility. Hydration accel-
erators such as calcium chloride (CaCl,), citric
acid (CA), and calcium lactate gluconate solu-
tion (CLG) added to MTA showed favorable bio-
compatibility after 1 day. However, the
association of MTA with 10 wt% CaCl, showed
the lowest cell viability and poor cell attachment
[94]. In addition, the effects of various additives
on setting time and cell attachment on gray MTA
(GMTA) were studied using osteoblasts and
L929 mouse fibroblasts. Osteoblasts and fibro-
blasts attached and spread over GMTA mixed
with additives similarly to GMTA mixed with
water, suggesting that MTA is biocompatible
when mixed with the tested additives [6]. The
biocompatibility of gray mineral trioxide aggre-
gate (MTA) mixed with other accelerants, such
as calcium chloride (CaCl,), calcium nitrite/

nitrate (CaN/N), or calcium formate (CaF), had
been also evaluated after implantation into rat
mandibles. Corroborating the finding in other
studies, the results indicated that MTA mixed
with these accelerants may be a biocompatible
alternative when a rapid set is indicated clini-
cally [113].

Moreover, the cytotoxic effect and the tissue
reaction induced by MTA and Portland cement
implanted in the mandibles of guinea pigs dem-
onstrated bone healing and minimal inflamma-
tory response adjacent to ProRoot and Portland
implants, suggesting that both materials showed
biocompatibility when evaluated in vitro and
in vivo [153]. The effectiveness of MTA as a pulp
capping material has led to the investigation of its
effect on human dental pulp stromal cells with
assessment of cell surface morphology the levels
of gene expression and secretion of vascular
endothelial growth factor. MTA promoted cell
survival and proliferation in human dental pulp
stromal cells. The results support the biocompat-
ible nature of MTA and the possible mechanism
of dentin bridge formation along with tissue
repair [132].

Histological evaluation of tissue reaction to
MTA has been evaluated by subcutaneous and
intraosseous implantation of the materials in ani-
mals. In vivo tests as retrograde filling and perfo-
ration repair material can also be verified in the
scientific literature. Tissue reaction of implanted
super EBA and the original MTA formulation in
the mandibles of guinea pigs showed that MTA
exhibited better tissue reaction than super EBA
[178]. Other MTA formulations exhibited a simi-
lar response [24, 100].

At the tissue level gray MTA exhibited a better
biological response than white MTA or amalgam
after 1 week of tissue contact, but no difference
was demonstrated after 3 weeks [159]. The tissue
response of MTA and apatite which is postulated
to be responsible for material bioactivity was
assessed by subcutaneous tissue implantation in
dorsal connective tissue of rats. The results sug-
gested a possible role of apatite formation on the
mineralization induction characteristics of
WMTA, which indicated a definite effect on bio-
compatibility [55].
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Fig.3.1 Retrograde cavity
filled with Mineral
Trioxide Aggregate (MTA)
showing the formation of
mineralized tissue close to
the filling material and
periapical repair. Original
magnification x 100. H&E
(Reprinted from
Tanomaru-Filho et al.
[173] copyright 2006, with
permission from Elsevier)

Laboratory tests using animals, such as mon-
key and dogs, as subjects have been conducted to
investigate periapical response to cements uses as
root-end fillings. The tissue response to MTA and
amalgam as root-end fillings have been tested in
monkeys, and no periradicular inflammation
adjacent to five of six root ends filled with MTA
was demonstrated. Also, MTA showed a com-
plete layer of cementum covering the root-end
filling. In contrast, all root ends filled with amal-
gam showed periradicular inflammation and no
formation of cementum over the root-end filling
material [181]. The periapical repair following
retrograde fillings with Sealer 26, Sealapex plus
zinc oxide, or MTA (Fig. 3.1) was evaluated after
endodontic surgery in dogs’ teeth, and the histo-
pathologic analysis revealed similar periapical
repair promoted by the materials [173].

The periapical tissue response of other retro-
filling materials such as intermediate restorative
material (IRM), thermoplasticized gutta-percha,
reinforced zinc oxide cement (super EBA), and
mineral trioxide aggregate (MTA) was studied
in a dog model. Better reestablishment of the
periapical tissues was observed with IRM and

MTA. New hard tissue formation was observed
directly over the material surface only in the
MTA sections. MTA exhibited the most favor-
able periapical tissue response (Fig. 3.2) when
comparing the biocompatibility with other
tested materials [192].

MTA has also been designed to seal communi-
cation between pulp cavity and periodontium, and
the histologic response to intentional perforation
in the teeth’s furcations of dogs repaired imme-
diately with amalgam or MTA showed that MTA
is more suitable than amalgam for perforation
repair, particularly when it is used immediately
after perforation [73]. The periradicular tissue
response to MTA exhibited less periradicular
inflammation and more fibrous capsules adjacent
to MTA in comparison to amalgam. In addition,
the presence of cementum over the MTA sur-
face was observed [176]. The healing process of
intentional lateral root perforation repaired with
mineral trioxide aggregate (MTA) was observed
in dogs’ teeth (Fig. 3.3) showing no inflammation
and deposition of cementum over MTA [88]. The
biological response of the periodontium adja-
cent to furcation perforations in rat molars filled
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Fig. 3.2 Histologic section (magnificationx4) of a retro-
grade cavity filled with MTA in dog’s teeth shows newly
formed cement (NVRC) growing from the periphery over the
mineral trioxide aggregate surface and islands of newly
formed bone (NFB) in close vicinity to the mineral trioxide
aggregate surface (Reprinted from Wilivaara et al. [192]
copyright 2012, with permission from Elsevier)

Fig.3.3 Lateral root
perforation repaired with
mineral trioxide aggregate
(MTA) in dogs’ teeth.
Cementum (C) over the
filling material (M),
periodontal ligament (PL),
and bone (B). Hematoxylin
and eosin; original
magnification 3100
(Reprinted from Holland
et al. [88] copyright 2001,
with permission from
Elsevier)

with Endo CPM Sealer, MTA Angelus, or zinc
oxide-eugenol cement has also been evaluated.
The greatest number of inflammatory cells was
observed at 7 days, especially in the zinc oxide-
eugenol (ZOE) group where the inflammatory
process was related to a significant increase in the
number of osteoclasts and, thereby, in an increase
in the width of the periodontal space. At 60 days,
no significant differences in osteoclast numbers
among Endo CPM Sealer, MTA, and control
groups were evident. The periodontal space was
also significantly reduced in the experimen-
tal groups in comparison with the initial peri-
ods. The periodontium adjacent to perforations
filled with MTA and Endo CPM Sealer exhib-
ited clear evidence of reestablishment and thus
demonstrated better biocompatibility than zinc
oxide-eugenol (Fig. 3.4) [51]. Contaminations of
lateral perforations can impair the healing pro-
cess. Regardless the use of MTA, contaminated
lateral root perforations immediately sealed with
MTA presented worse repair than the non-con-
taminated ones [87].

The systemic toxic effect of gray ProRoot
Mineral trioxide aggregate (MTA) on the liver
and kidney of rats was evaluated after 7 and 30
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Fig. 3.4 Light micrographs of furcation region of molar
teeth perforated and filled with MTA and examined after
7 (a, b), 15 (¢), 30 (d, e), and 60 days (f). In (a), numerous
inflammatory cells (IC) are present in the wide periodon-
tal space. Tartrate-resistant acid phosphatase (TRAP)-
positive osteoclasts (arrows) are next to the alveolar bone
(AB) surface. TRAP reaction counterstained with hema-
toxylin. D dentin, PL periodontal ligament (bar, 100 Im).
In (b), outlined area of (a), TRAP-positive osteoclasts
(arrows) are adjacent to the bone surface. AB, alveolar
process (bar, 50 Im). (c) Shows a layer of two to three
elongated cells (EP) between the perforation in the floor
of the pulp chamber (P) and the periodontal ligament
(PL). In the PL, some bundles of collagen fibers (CF) pen-
etrate into the root surfaces (arrows). D, dentin; AB, alve-
olar process. Masson’s trichrome (bar, 100 Im). In (d),
acidophilic and irregular material (NF) fills partially the

perforation of the floor of the pulp chamber and is sur-
rounded by numerous mononuclear cells and blood ves-
sels (BV). Collagen fibers and fibroblasts (arrows) seem to
be surrounding the material “NF.” PL, peridontal liga-
ment; D, dentin; AB, alveolar process. H&E (bar, 100 Im).
In (e), outlined area of (d), homogeneous material “NF”
contains lacunae (L) and, sometimes, cells inside them
(arrows). Elongated and rounded cells (arrowheads) are
in close juxtaposition to the irregular surface of “NE.” BV,
blood vessels. H&E (bar, 50 Im). In (f), some inflamma-
tory cells (/C) are adjacent to the root surface. In the fur-
cation region, fibroblasts (arrows) and bundles of collagen
fibers (CF); some of them penetrate into the alveolar bone
(AB) and cementum (C). D, dentin. H&E (bar, 100 Im)
(Reprinted with permission from da Silva et al. [51] ©
2010 International Endodontic Journal)



50

M. Tanomaru-Filho and J.M. Guerreiro-Tanomaru

days and compared to DiaRoot BioAggregate.
The materials were inserted into Teflon tubes and
implanted subcutaneously. Blood samples were
taken to investigate changes of kidney and liver
functions. MTA induced side effects on the liver
and kidney that were significantly more severe
than BioAggregate (Verio Dental Co. Ltd.,
Vancouver, Canada) but with no permanent dam-
age [97].

Clinical research on MTA is presented as spe-
cific case reports or randomized clinical trials.
The case reports present a very low level of evi-
dence due to lack of standardization as opposed
to randomized clinical trials. From 1995 to date
there have been 50 clinical trials on MTA. Most
of the clinical trials were performed on treatment
of primary teeth with a total of 27 reports
(Table 3.1), 26 out of which MTA was used for
pulpotomies and one report for MTA used as a
direct pulp capping agent [186]. The clinical tri-
als and outcome of clinical reports assessing the
success rate of MTA used for the treatment of pri-
mary teeth are shown in Table 3.1. The assess-
ment period ranged from 3 months to 84 months.
Dentin bridge formation and absence of clinical
and radiographic symptoms were used to assess
the success rates. MTA was shown to exhibit
same outcome as of other materials tested in 17
from the 26 cases reviewed. Two studies did not
use a control material but assessed MTA only;
thus, no comparisons could be made [110, 118].
Calcium hydroxide and MTA may be suitable
materials for the treatment of the immature teeth.
However, more studies evaluating the factors
influencing success and failure in teeth should be
conducted [46].

There have been five reports on the use of
MTA for direct pulp capping [1, 67, 69, 84, 93]
and two for indirect pulp capping [103, 136];
four for apexification [52, 64, 158, 163] and six
for apexogenesis [14, 16, 64, 78, 125, 138]; and
five studies for use as a root-end filler [47, 48,
104, 165, 191] and one for perforation repair
[77]. Taking into consideration the randomized
clinical trials with specific MTA use, it can be

concluded that MTA was shown to be a success-
ful root-end filling material [156] and was com-
parable to IRM and super EBA cement [47, 104,
165]. Furthermore, the type of tooth treated did
not affect the outcome of treatment. MTA was
shown to be better than Retroplast as a root-end
filling material [191]. High success rates were
reported, and the need to use a root-end filling
material as opposed to resection and burnishing
gutta-percha was highlighted [48].

Pulp capping with MTA is recommended for
teeth with carious pulp exposures especially
immature teeth with high potential for healing
[70]. When used as a pulp capping agent, MTA
exhibited comparable clinical and radiographic
success rates to calcium hydroxide [103, 136],
while in other clinical studies, MTA was shown
to have better clinical success rates than cal-
cium hydroxide [67, 84]. Both ProRoot MTA
and MTA Angelus exhibited similar success
rates [1]. No statistically significant differences
were found for superficial and deep inflamma-
tory cell response, presence of a dentin bridge,
and pulp vitality between MTA and calcium
hydroxide. A statistically significant difference
was found for the diameter of exposure. Only a
minimal association between clinical and histo-
logical findings could be established for either
material [93].

For treatment of immature permanent teeth,
cases treated with MTA exhibited complete root
formation earlier. A good success and an effec-
tive option for apexification with the advantage
of reduced treatment time, good sealing ability,
and biocompatibility providing a barrier for
immediate obturation were demonstrated from
MTA [52]. One-visit apexification procedures
are possible with MTA [163]. Although MTA
was more successful, it is more expensive, and
dentin bridges developed over canal orifices,
complicating future root canal therapy [78].
MTA was comparable to calcium hydroxide [16,
65, 138] and calcium-enriched mixture in treat-
ment of immature permanent molars by pulpot-
omy [14, 125].
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Table 3.1 Clinical trials evaluating the success rates of MTA used in treatment of primary teeth

Assessment
Year Author period (months) Control material Outcome
2013  Mehrdad et al. [114] 24 CEM Same; calcific bridge formation
2012  Sushynski et al. [171] 6-24 FC Gray MTA better than formocresol
Fernandez et al. [72] 24 FC, FS, NaOCl Same
Odabas et al. [127] 12 FS Same
Airen et al. [4] 6, 12,24 FC MTA better
2011 Liu et al. [105] / Ca(OH), MTA better; crown discoloration
noted
Malekafzali et al. [108] 12,24 CEM Same
Srinivasan and Jayanthi 3,6,9,12 FC MTA better
[167]
Erdem et al. [66] 6, 12,24 FC, FS, ZnO Same. MTA better than ZnO
Cardoso Silva et al. [39] 84 GMTA, WMTA Same, gray better
2010  Zealand et al. [196] 6 FC Same; MTA 22 % dentin bridge
formation
Ansari and Ranjpour [11] 6, 12,24 FC Same
Doyle et al. [60] 24 FS (xeugenol) MTA better; outcome worse with
eugenol free FS
2009  Subramaniam et al. [170] 24 FC MTA better
Sakai et al. [154] 6,12, 18,24 Portland cement Same; Portland cement caused
more pulp obliteration
2008 Sonmez et al. [166] 24 FC, FS, Ca(OH), Same; Ca(OH), was the least
appropriate
Moretti et al. [117] 3,6,12,18,24 FC, Ca(OH), MTA same as FC; better than
Ca(OH),
Noorollahian [124] 6, 12,24 FC Same
Tuna and Olmez [186] 1-24 Ca(OH), Same
2007  Aecinehchi et al. [2] 3,6 FC Same
2006  Percinoto et al. [135] 3,6,12 Ca(OH), Same
2005  Farsi et al. [70] 24 FC Clinical outcome same; MTA better
radiographically
Maroto et al. [110] 6 / Dentin bridge formation; crown
discoloration
Holan et al. [86] 38 FC Same
Naik and Hegde [118] 6 / Successful
2004  Agami et al. [3] 12 FC Gray better than white; MTA better
than FC
2001 Eidelman et al. [62] 6-30 FC Same

CEM calcium-enriched mixture, F'C formocresol, FS ferric sulfate

Conclusions antimicrobial, and biological properties which
are comparable to other dental materials used
for the same purpose. The clinical studies on
MTA demonstrate similar data to the in vitro

studies.

Although there are no standards for root-end
filling materials or materials based on Portland
cement to which MTA can conform, MTA was
shown to exhibit adequate physical, chemical,
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Bioactivity of Mineral Trioxide
Aggregate and Mechanism

of Action

Franklin R. Tay

4.1  Introduction

In the grand scheme of things, a bioactive mate-
rial may be broadly defined as ‘one which has
been designed to induce specific biological activ-
ity’ [162]. Based on this generic definition,
biologically active materials may include those
that promote tissue regeneration by adhesion
to soft and hard tissues of the human body and
those that possess cell-instructive and molecular-
signalling properties via functionalised ligands or
incorporating growth factors for regulating cell
proliferation, migration, differentiation, protein
expression and mineralisation processes. Other
bioactive materials include those that are
designed for biosensing or biological recognition
via physicochemical interactions, those that con-
tain recognition sites for cleavage of enzymes
involved in cell functions and those that possess
antimicrobial or immunoregulatory activities by
incorporating antimicrobial agents or molecules
that mimic natural host-defence peptides [4, 21,
26, 82, 103]. Along the same line of thought,
bioactive materials may also include those that
incorporate bioactive peptides with antithrom-
botic, antihypertensive, opioid or antioxidative
properties for controlled release [140].
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Prior to the adoption of this contemporary inter-
pretation of bioactivity, scientists in the field of tis-
sue regeneration have been using a more focused
definition of ‘bioactivity’ to describe the resistance
of a calcium phosphosilicate glass to be removed
from the host hard and soft tissues, after it was
experimentally implanted in rat femurs and mus-
cles [78]. The phenomenon of interfacial bonding
between the implant and living tissues has subse-
quently been observed in other synthetic calcium
phosphate ceramics and silicate-based, borate-
based and phosphate-based glasses [79, 115],
which form the foundation of the field of biomate-
rials science known as ‘bioactive glass-ceramics’.
A bioactive material, as defined by Hench and
coworkers, is one that elicits a specific biological
response at the interface of the material, which
results in the formation of a bond between living
tissues and the material [125]. A feature commonly
identified from these materials is a time-dependent
kinetic modification of the material’s surface via
the formation of a carbonated apatite surface layer
following its implantation in vivo [40, 77].

The tissue regeneration definition of bioactivity
has undergone a subtle paradigm drift, after the
feature of in vivo carbonated apatite formation
over an apatite/wollastonite glass-ceramic [86],
being one of the stages that contributes to the
bone-bonding ability of a bioactive material to liv-
ing tissues, was found to be reproducible in vitro
by immersing the material in a simulated body
fluid designed to mimic human blood plasma
[89]. Thus, according to Kokubo and Takadama, a
bioactive material is one on which bone-like
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carbonated apatite will form selectively after it is
immersed in a serum-like solution [90]. Over the
years, the scientific community at large has intui-
tively accepted this paradigm drift, with the
assumption that demonstrating this so-called
in vitro bioactivity is the indirect equivalent of
affirming a material’s bone-bonding potential.
Although in vitro bioactivity evaluation is appeal-
ing because of its simplicity and rapidity in data
generation, a recent review cautioned the lack of
adequate scientific evidence to support the assump-
tion that a material that initiates the deposition of
calcium phosphate salts on its surface after immer-
sion in simulated body fluid will bond directly to
bone following placement of the material in a sur-
gical site [12]. For example, a host of sol-gel reac-
tion-derived metallic oxides, including SiO,, TiO,,
Z1O,, Nb,O5 and Ta,0Os, were found to possess
in vitro bioactivity after immersing in simulated
body fluid [33, 109, 110, 123, 157]; however, the
ability of these metallic oxide gels to bond to bone
in vivo has not been demonstrated.

The introduction of hydraulic calcium (alu-
mino)silicate cements has provided clinicians
with alternative biomaterials for dentine replace-
ment, pulp capping, pulpotomy, creation of api-
cal barriers in teeth with open apices, repair of
root perforation and resorptive defects, as well as
orthograde or retrograde root canal fillings [39,
120, 121, 131]. Amongst their many desirable
properties, hydraulic calcium silicate cements
have been described as possessing bioactive
properties that influence their surrounding envi-
ronments [120]. A discussion of the bioactivity
of hydraulic calcium silicate cements based on its
generic definition is beyond the scope of this
chapter; issues such as their cell-instructive and
antimicrobial activities are addressed in depth in
Chap. 3. Rather, the bioactivity of hydraulic cal-
cium silicate cements will be discussed from a
tissue regeneration perspective.

4.2 Biologically Inactive Versus

Bioactive Inorganic Materials

When a biomaterial is implanted in the human
body, the host tissue reacts towards the implant in
different ways depending on the tissue response

along the implant surface. Accordingly, a bioma-
terial may be classified into four types based on
their tissue responses: nearly inert, porous,
resorbable or bioactive [74]. As hydraulic cal-
cium silicate cements are non-resorbable and do
not possess pores that are large enough for
ingrowth of bone or blood vessels, only the tissue
responses of nearly inert and bioactive materials
will be discussed.

No material implanted in living tissues is
completely inert. Thus, the term ‘bioinert’ is des-
ignated to any material which, when implanted
into the human body, elicits minimal interaction
with its surrounding tissues. Examples of these
materials are stainless steel, titanium, alumina,
partially stabilised zirconia and ultrahigh molec-
ular weight polyethylene. Following implanta-
tion of a foreign material into the body, the
material’s surface is immediately coated with
proteins derived from blood and interstitial flu-
ids. It is through this layer of adsorbed proteins
that the cells sense foreign surfaces [163].
In response, the body’s defence mechanism will
stimulate the formation of a non-adherent fibrous
capsule around the implant in an attempt to iso-
late it from the surrounding tissue. The thickness
of this protective fibrous capsule depends on the
chemical reactivity of the implanted material and
on the motion and fit of the material at the inter-
face [27]. Because the interface is not chemically
or biologically bonded, micro-movement of the
implant will result in progressive thickening of
the non-adherent fibrous capsule and eventually
leads to functional deterioration of the implanted
material.

By contrast, a bioactive material creates an
environment compatible with osteogenesis, and
in some cases, compatible with soft tissues
[165], by developing a natural bonding interface
between living and nonliving materials. With
the exception of calcite (calcium carbonate) and
B-tricalcium phosphate, which are examples of
resorbable bioceramics that bond directly to liv-
ing bone [114], interfacial bonding of other bio-
active materials with bone is initiated via
ion-exchange reactions between the bioactive
implant and surrounding body fluids. This
results in the formation of a biologically active
carbonated apatite layer on the implant surface
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that is chemically and crystallographically
equivalent to the mineral phase in bone [66].
Human plasma is supersaturated with respect to
calcium and phosphate ions. The presence of
certain functional groups, such as silanol (Si—
OH), on the material surface induces nucleation
of carbonated apatite crystallites from the amor-
phous calcium phosphate that is deposited over
the initially formed silica gel layer. For bone,
interfacial bonding occurs because of the rapid
turnover of bone, as well as the biological
equivalence of the carbonated apatite deposits
with the inorganic portion of bone, which
enables a collagen matrix to be deposited by
osteoblasts over the carbonated apatite layer.
Subsequent mineralisation of the collagen fibrils
results in bonding of the living tissues to the
implanted material [74]. For bonding to soft tis-
sues, collagen fibrils are chemisorbed on the
porous silica gel layer via electrostatic, ionic
and/or hydrogen bonding [107, 174].

The first bioactive glass-ceramic invented and
the most extensively studied was the SiO,—
Na,0-CaO-P,05 melt-derived quaternary glass
system invented by Dr. Hench [75], commonly
known as 45S5 Bioglass® (US Biomaterials
Corp., Alachua, FL, USA). Based on this formu-
lation and subsequently developed bioactive
glass formulations, the ability of these materials
to bond to bone tissue was thought to occur in 11
stages (Table 4.1). These stages represent the
combined results of the surface chemical reac-
tivity of bioactive glasses in physiological media
(stages 1-5), and the body’s healing and regen-
erative responses (stages 6-11) [74]. Reaction
stages 1-5 in bioactive glasses lead to rapid
release of soluble ionic species and formation of
a porous hydrated silica gel and polycrystalline
carbonated apatite bilayer on the glass surface.
These reaction layers enhance the adsorption of
proteins and growth factors (stage 6), influence
the length of time macrophages are required to
clear the surgical site of debris for tissue repair
(stage 7) and promote attachment (stage 8), pro-
liferation and differentiation of osteoblasts from
mesenchymal stem cells (stage 9). Deposition of
an extracellular collagen matrix (stage 10) and
subsequent mineralisation of the collagen
matrix deposited by osteoblasts (stage 11)

follow, ultimately resulting in mature osteocytes
encased in a collagen-carbonated apatite matrix.

It has been shown that fibroblasts do not
spread and proliferate on bioactive glass surfaces,
contrary to what occurs on the surface of bioinert
materials [139]. The exact mechanism is not
clear, but may be due to the selective adsorption
of serum proteins on the surface of bioactive
materials. Bioactive glass containing a calcium
phosphate-rich layer was found to preferentially
adsorb fibronectin, which contains the integrin-
binding arginine-glycine-aspartic acid (RGD)
amino acid sequence for enhanced osteoblast
adhesion [59]. Other researchers observed that
the configuration of fibronectin adsorbed was dif-
ferent depending on the type of surface exposed
by the biomaterial. A specific fibronectin confor-
mation present on bioactive glasses that have
reacted with simulated body fluid to form a sur-
face Ca/P amorphous layer was found to induce
very strong osteoblast adhesion [46]. This is
important, since mesenchymal stem cells take
time to migrate from their niches to a surgical site
and arrive later than fibroblasts after a bioactive
material is implanted. Thus, if fibroblasts prolif-
erate, a non-adherent fibrous capsule forms,
which inhibits interfacial bonding between the
implanted material and the host tissue. When
fibroblasts remain ‘quiescent’ along the surface
of bioactive glass, new bone tissue can be
produced upon differentiation of the mesenchy-
mal stem cells and endothelial progenitor cells
into osteoblasts and endothelial cells of the blood
vessel wall, respectively.

A Bioactivity Index (IB) was introduced to
rank the level of bioactivity of a specific material
[73]. This index is defined as the time taken for
more than 50 % of the interface to bond to bone
(ty5) and is represented by IB = 100/7, 5,,- Materials
exhibiting an IB value greater than eight (e.g.
4555 Bioglass®) will bond to both soft and hard
tissues. Materials with an IB value less than 8§ but
greater than O (e.g. synthetic hydroxyapatite) will
bond only to hard tissue [74]. The presence of
silica was found to be crucial for a material to
exhibit bioactivity. This is due to the partial dis-
solution of the material in an alkaline environ-
ment, which releases Si** ions to form the silica
gel surface layer in stages 2 and 3 and creates
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Table 4.1 Reaction stages in 45S5 Bioglass® with
increasing time

Stage Reaction event Response
1 Sodium and calcium hydrogen Chemical
ion exchange on glass surface
2 Dissolution of surface silica and
formation of surface silanol
3 Condensation and Occurs
repolymerisation of silanol to in vitro or
form SiO,-rich surface layer in vivo
4 Precipitation of amorphous
calcium phosphate on the silica
gel surface layer
5 Nucleation and crystallisation of
amorphous calcium phosphate to
carbonated apatite
6 Protein adsorption (growth Biological

factors, etc.) to the surface
carbonated apatite layer

7 Action of macrophages to
remove debris from surgical site
8 Attachment of mesenchymal

stem cells on bioactive surface

9 Differentiation of stem cells to
form bone-growing cells,
osteoblasts

Occurs only
in vivo

10 Generation of extracellular
matrix by osteoblasts to form
bone

11 Mineralisation of extracellular
matrix to enclose bone cells,
osteocytes

silanol groups to act as sites for the nucleation of
carbonated apatite from the amorphous calcium
phosphate deposited over the silica gel layer in
stage 5 (Table 4.1). Nevertheless, incorporation
of increasing concentrations of silica in the glass
resulted in a diminished rate of bioactivity.
Increasing the silica content of the glasses
decreases their dissolution rates by reducing the
release of modifier ions such as Ca** and HPO,~
ions, which inhibits the development of the silica
gel layer on the glass surface. Complete loss of
bone-bonding ability occurred with further
increases in SiO, concentration, the exact con-
centration of which was dependent upon whether
the glasses were melt-derived (>60 mol%) [76]
or sol—gel reaction-derived (>90 mol%) [96]. The
presence of P,Os and Na,O was initially thought
to be essential for glass-ceramics to be bioactive.

However, sol-gel-derived CaO-SiO, binary cal-
cium silicate gel glasses were also found to bond
firmly to bone tissues after intraosseous implan-
tation [135, 136]. The information suggests that
the absence of phosphate from most hydraulic
calcium silicate cements does not preclude these
cements from exhibiting bioactive behaviour.
Conversely, partial substitution of CaO with
Al O; in the binary CaO-SiO, glass composition
to produce ternary CaO-AlL,O;-SiO, glasses
resulted in an Al,O; concentration-dependent
reduction/inhibition of the ability to form a cal-
cium phosphate surface layer after exposure of
these ternary glass formulations to simulated
body fluid [16]. Addition of as little as three
mass% Al,O; completely inhibited the bone-
bonding ability of bioactive glass [67]. The inhib-
itory effect of AI** on bone bonding was attributed
to an increased resistance of the bioactive glass to
ion-exchange surface reactions, to the precipita-
tion of the multivalent ions as oxides, hydroxides
or carbonates and to the shift of isoelectric point
of the surface from negative to positive at physi-
ological pH [173]. As tricalcium aluminate is a
component of most hydraulic calcium silicate
cements, the potential effect of aluminium on the
bioactivity of these cements will be discussed in
subsequent sections.

A functional bioactivity classification has
been used to rate biomaterials designed for use
as orthopaedic implants [164]. Class A materials
demonstrate osteoproduction, which means that
they can actively recruit cellular elements involved
in bone formation (mesenchymal stem cells and
endothelial progenitor cells) after implantation in
a surgical site. These materials have IB values of
12. Class B materials show only osteoconduction
[1]. These materials have IB values of 3—6 and
function only as passive structural scaffolds for
inward migration of cellular elements involved
in bone formation. The term osteoproduction is
similar to the contemporary terminology osteo-
induction, meaning that primitive, undifferen-
tiated and pluripotent cells are stimulated to
differentiate into bone-forming and blood vessel-
forming cell lineages [1]. Osteoproduction was
used in the bioactive glass literature to describe
bone proliferation resulting from the combined
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properties (i.e. osteoinduction, osteoconduction
and/or osteogenic properties) of a grafting mate-
rial. Based on this classification, a material is
considered osteoproductive if it elicits both intra-
cellular and extracellular responses at its inter-
face (e.g. 45S5 Bioglass®) and osteoconductive
if it triggers only an extracellular response (e.g.
synthetic hydroxyapatite).

Release of inorganic ions by class A bioma-
terials may trigger intracellular responses [81].
Of the elements released by bioactive glasses,
Si is known to be an essential element for meta-
bolic processes associated with calcification of
bone tissues [28] and induction of the apatite
precipitation [38]. Dietary intake of Si has been
shown to increase bone mineral density [84].
Orthosilicic acid stimulates type I collagen syn-
thesis and osteoblast differentiation in human
osteoblast-like cells in vitro [14, 127, 143].
Inorganic monomeric and polymeric silica/
silicate have been shown to increase the expres-
sion of osteoprotegerin in osteogenic cells and
modulate the crosstalk between osteoblasts and
osteoclasts. Osteoprotegerin is a decoy recep-
tor for the receptor activator of nuclear fac-
tor kappa B ligand (RANKL). Osteoprotegerin
binding to RANKL on osteoblast/stromal cells
blocks the RANKL-RANK ligand interaction
between osteoblast/stromal cells and osteo-
clast precursors. This has the effect of inhibit-
ing the differentiation of osteoclast precursors
into mature osteoclasts. Thus, inorganic silica/
silicate has the potential to stimulate osteogen-
esis in vivo by inhibiting osteoclast growth and
differentiation [138]. Release of calcium ions
favours osteoblast proliferation, differentiation
and extracellular matrix mineralisation [98],
activates Ca-sensing receptors in osteoblasts and
increases expression of growth factors such as
insulin-like growth factor-I (IGF-I) or IGF-II
[104, 158]. Additional extracellular responses
may be produced by adsorption of bone growth
factor proteins, such as plasma-derived trans-
forming growth factor-f1, by the surface sil-
ica gel layer. Bioactive glasses have also been
shown to promote angiogenesis by stimulating
the secretion of vascular endothelial growth fac-
tor by human fibroblasts [60, 61, 64, 95].

The information in this section represents
only the tip of the iceberg of the humongous
amount of research published on the bioactivity
of glass and glass-ceramics. Nevertheless, the
information provides the background for evaluat-
ing the bioactivity of hydraulic calcium silicate
cements.

4.3  InVitro Bioactivity of MTA

4.3.1 Direct Demonstration
of In Vitro Bioactivity

Mineral trioxide aggregate (MTA) is the most
well known and most thoroughly investigated of
all the hydraulic calcium cements available to
date. It is a clinker-derived Portland cement com-
posed of different phases, including tricalcium
silicate, dicalcium silicate, tricalcium aluminate,
tetracalcium aluminoferrite and calcium sulphate.
MTA is the first hydraulic calcium silicate cement
patented for endodontic applications [155], which
contains all the aforementioned mineral phases as
well as bismuth oxide as a radiopacifier [24]. The
aluminoferrite phase in the grey version of MTA
is absent from the white version of MTA [124].
The compositions of other commercially avail-
able hydraulic calcium silicate cements designed
for use as endodontic cements and sealers are cov-
ered in Chaps. 7 and 8.

Although bioactivity is not as esteemed prop-
erty for industrial applications of Portland
cements, in vitro bioactivity of white Portland
cement has been reported after it was immersed
in simulated body fluid for 7 days [36]. Using a
combination of X-ray diffraction (XRD) and
Fourier transform-infrared spectroscopy (FT-IR),
the authors reported the formation of a layer of
hydroxyapatite on the surface of white Portland
cement after immersion of the set cement in sim-
ulated body fluid. Dissolution of portlandite (cal-
cium hydroxide) and formation of -calcite
(calcium carbonate; reaction product of calcium
hydroxide with atmospheric carbon dioxide)
were also observed on contact of set white
Portland cement with simulated body fluid.
In another study, set white Portland cement was
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immersed in phosphate-containing fluid and the
resultant calcium phosphate phase examined
using XRD and FT-IR, in combination with scan-
ning electron microscopy, transmission electron
microscopy and electron diffraction [149]. The
authors reported that the initial calcium phos-
phate phase formed was amorphous calcium
phosphate. This precursor phase was subsequently
transformed into calcium-deficient, poorly crys-
talline, B-type apatite (i.e. the PO,*~ groups in
apatite being substituted by CO;~). The authors
concluded that the in vitro bioactivity of MTA
materials is likely to be attributed to their Portland
cement component. Identification of the amor-
phous calcium phosphate phase is of biological
significance because the latter is the key interme-
diate calcium phosphate precursor phase that pre-
cedes biological apatite formation in in vivo
osteogenesis [99-101]. As will be discussed
below, identification of amorphous calcium phos-
phate precursors bridges the missing link in the
sequence of stages that contribute to the in vitro
bioactivity of hydraulic calcium silicate cements.
In addition, by using the contemporary principles
of biomineralisation, strategies have been devel-
oped with the use of polyanionic acid analogues
of noncollagenous proteins for stabilising the
amorphous calcium phosphate precursor phase to
prevent its premature transformation into carbon-
ated apatite. The resultant polyanionic acid-stabi-
lised amorphous calcium phosphate precursors
have been used experimentally for biomimetic
intrafibrillar mineralisation of collagen fibrils in
demineralised dentine [116]. Such a technology
has potential applications in remineralisation of
hybrid layers created by dentine adhesives to pre-
vent their degradation by matrix metalloprotein-
ases and cysteine capthepsins, as well as in the
remineralisation of dentinal caries.

The two major components of Portland
cements, tricalcium silicate and dicalcium silicate,
have been produced separately using sol-gel reac-
tions to create experimental, pure tricalcium sili-
cate [160, 172] and dicalcium silicate [65]
cements. These pure calcium silicate cements also
demonstrated in vitro bioactivity by the precipita-
tion of apatite crystallites on the cement surface
after immersion in simulated body fluid. These

results have led to the preparation of experiment
bioactive tricalcium silicate [30, 48] and dicalcium
silicate [25] cements for endodontic applications.
The use of these experimental calcium silicate
cements should alleviate potential concerns
regarding aluminium-induced neurotoxicity [69,
141, 171] that may arise with the clinical use of
clinker-derived tricalcium aluminate-containing
hydraulic calcium (alumino)silicate cements.

By and large, the in vitro bioactivity observed
in Portland cements and pure calcium silicate
cements is recapitulated in MTA and the MTA-
like clan of commercially available or experimen-
tal hydraulic calcium silicate cements designed
for restorative and endodontic uses [5, 10, 15, 20,
25, 49, 51-58, 70-72, 128, 137, 142, 146, 147,
151]. These calcium phosphate reaction products
were observed after the cements were immersed
in simulated body fluid based on Kokubo’s for-
mula or its modification [12, 89, 90], Dulbecco’s
phosphate-buffered saline, Hank’s balanced salt
solution or simply phosphate-containing fluid,
with different degrees of reactivity. The ultimate
reaction product formed on the surface of the set
cements was, according to most of those publica-
tions, hydroxyapatite.

4.3.2 Mechanism of Action

The in vitro bioactivity of MTA and MTA-like
materials is tissue independent and may proceed
sequentially in stages that parallel those proposed
for bioactive glasses. For comparative purposes,
a similar sequence of events will be used in this
discussion. These stages are schematically repre-
sented in Fig. 4.1.

Stage 1 — Hydrolysis and ion exchange. lon
exchange occurs following hydration of the
calcium silicate particles, with rapid exchange
of Ca?* with H* or H;O* ions from the aqueous
mixing solution to form a solid-liquid inter-
face [57]. Reaction of Ca** ions with OH™ ions
derived from water results in the formation of
calcium hydroxide (portlandite) [22] that cre-
ates a highly alkaline environment. Although
these reactions occur almost immediately
after cement hydration, continuous release of
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Fig. 4.1 A schematic of the five sequential stages of
events that contribute to the manifestation of in vitro bio-
activity of hydraulic calcium silicate cements after the

Ca* and Si* after initial setting, together with
the release of minor amounts of Al**, Fe** and
S04?%, depending on the type of material,
result in the formation of other inorganic min-
eral phases (Chap. 2).

Stage 2 — Formation of calcium silicate hydrate.
Cation exchange increases the hydroxyl con-
centration of the solution. The surfaces of the
calcium silicate particles are attacked by OH~
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latter is immersed in simulated body fluid (not to scale).
ACP amorphous calcium phosphate

ions in solution, resulting in hydrolysis of
SiO* group in an alkaline environment. The
result is the formation of an amorphous cal-
cium silicate hydrate phase on the surface of
the mineral particles (Fig. 4.2a). Calcium sili-
cate hydrate is a non-stoichiometric, porous,
water-containing silicate gel layer [129] con-
taining silanol (Si—~OH) groups that forms the
main binding phase in a set cement matrix.
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Stage 3 — Binding of calcium silicate hydrate with
calcium ions. Deprotonation of silanol groups
in the calcium silicate hydrate phase at alkaline
pH produces a negatively charged surface with
SiO~ functional groups [91, 97]:

=SiOH+H,0 < =Si0" +H,0" (4.1)

This negatively charged surface attracts cations
released into solution, such as Ca?*, via elec-
trostatic interaction to decrease the total
energy of the system, resulting in an increase
of cations on the set cement surface:

=Si0" +Ca® > =Si0 ...Ca** (4.2)

This region, consisting of a charged surface and
an equal but opposite charge in the solution, is
called an electric double layer on which other
substances may deposit under suitable
conditions.

Stage 4 — Precipitation of amorphous calcium
phosphate. When the set calcium silicate
cement is immersed in a phosphate-containing
solution, which contains hydrolysed HPO,*
ions, electrostatic interaction occurs between
the HPO4> ions with the Ca-rich CSH
surface:

H,0+PO,” <> HPO,” +OH =SiO ...Ca**
+HPO,”” — =Si0™...Ca*" ...HPO,” (4.3)

Continued release of calcium ions from the set
cement into the phosphate-containing solution
leads to supersaturation of Ca* and HPO4*-
ions in the solution, which in turn results
in the formation of an amorphous calcium
phosphate precursor phase in the solution.
These initially formed subnanometre-sized
amorphous calcium phosphate precursors are
known as prenucleation clusters and have an
average diameter of 0.87+0.2 nm [41]. They
remain relatively stable in the phosphate-
containing solution in the absence of a
nucleation-inducing surface. In the presence
of a nucleation-inducing surface, aggrega-
tion of the prenucleation clusters leads to their
densification near the cement surface, pro-
ducing a ‘dense liquid’ CaP-rich phase [43].
Coalescence of the densified prenucleation

clusters subsequently results in the deposition
of globular amorphous calcium phosphate on
the set cement surface (Fig. 4.2b), with the
general formula Cay(PO,)s(HPO,),(OH),
[37]. Apart from the observation of amor-
phous calcium phosphate formation in
Portland cement [149], amorphous calcium
phosphate in the form of aggregated spheru-
lites was also reported after ProRoot MTA
(Dentsply Tulsa Dental Specialties, Tulsa,
OK, USA), MTA Angelus (Angelus Solugdes
Odontolégicas, Londrina, PR, Brazil), MTA
Branco (Angelus) and MTA BIO (Angelus)
were immersed in phosphate-buffered saline
or Hank’s balanced salt solution [52, 128].
Stage 5 — Nucleation and transformation of
amorphous calcium phosphate into carbon-
ated apatite. In the presence of a nucleation-
inducing CSH surface (=SiO~...Ca*...
HPO,*), the amorphous calcium phosphate
undergoes phase transformation over time
into carbonated apatite [44, 117] (Fig. 4.3a,
b). This transformation occurs via an octacal-
cium  phosphate  intermediate  phase
(CagH,(POy)s -5H,0) [11, 45, 93, 156]. Whilst
it is indisputable that apatite represents the
endpoint of this phase transformation, the
morphology of the calcium phosphate phases
presented in the endodontic literature on
in vitro bioactivity of hydraulic calcium sili-
cate cements is highly variable, ranging from
acicular, lathlike, petal-like, platelike, globu-
lar structures to needle-shaped [5, 10, 15, 20,
25, 49, 51-58, 70-72, 128, 137, 142, 146,
147, 151], with different Ca/P molar ratios
(ranging from 1.33 to 1.67) (Fig. 4.4).
Although it is possible that some of these rep-
resent calcium-deficient apatite with variable
degrees of lattice substitutions by cations such
as Na* and Mg?* and anions such as CI, it is
likely some of these crystalline morphologies
represent the intermediate octacalcium phos-
phate (OCP) phase described in classic cal-
cium phosphate characterisation studies.
Formation of an intermediate OCP phase by
MTA or MTA-like materials was sparsely dis-
cussed in the endodontic literature except in a
couple of studies [52, 128]. Indiscriminate use
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Fig. 4.2 (a) Scanning
electron microscopy
(SEM) image of the
surface of set white MTA
powder showing formation
of a calcium silicate
hydrate layer (arrow) over
the surface of the mineral
particles after hydration of
the powder. (b) SEM
image of the surface of set
white MTA powder after
immersion in phosphate-
containing fluid for 8 h.
Amorphous calcium
phosphate is deposited
over the surface of the
calcium silicate hydrate
reaction phase in the form
of spherule clusters
(pointer). Some of the
smaller amorphous
calcium phosphate
spherules are dispersed
within the calcium silicate
hydrate phase (open
arrowhead)

of the term ‘hydroxyapatite’ (HA) in most of
these endodontic studies is reflected by the
inadequate = chemo-analytical  techniques
employed for characterising the calcium phos-
phate precipitates. The so-formed apatite is
not stoichiometric HA but is carbonated apa-
tite, which represents the biological apatite
found in bone, cartilage enamel and dentine
[32, 42]. Accurate characterisation of calcium
phosphate phases requires the simultaneous
use of XRD and FT-IR; the latter may be fur-
ther complemented with micro-Raman spec-
troscopy [50, 92, 105]. It should be emphasised
that CaP mineral phase information derived

from XRD cannot be substituted by the peak
designations derived from the combined use
of FT-IR and micro-Raman spectroscopy.
Even with the use of all these techniques, dif-
ferentiation between octacalcium phosphate
and apatite is extremely difficult [18, 19, 148]
and often required high-resolution transmis-
sion electron microscopy of the crystalline lat-
tice planes to determine the length of the unit
cell axes and their crystallographic orientation
[166]. The crystal structure of octacalcium
phosphate has been described as an alterna-
tive stacking of apatite layers and hydrated
layers along its [142] direction [18, 106]. The
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Fig. 4.3 (a) SEM image
of the surface of hydrated
white MTA powder after
immersion in phosphate-
containing fluid for 168 h.
A crystalline calcium
phosphate mineral phase
(open arrow) is scattered
around the calcium silicate
hydrate-coated MTA
mineral particles (energy
dispersive X-ray analysis
data not shown).
Amorphous calcium
phosphate spherules can no
longer be observed. (b)
High-magnification image .
of the calcium phosphate ¥ reesy t Magn
mineral phase in (a). These :
crystallites have short
a-axis and b-axis but long
c-axis, forming needle-
shaped crystallites with
hexagonal cross sections
(open arrowhead)

similarity of the apatite layer in OCP and the
structure in HA provide geometrically favour-
able conditions for phase transformation from
octacalcium phosphate to carbonated apatite.
In a model of OCP-HA transformation, it has
been suggested that transformation of OCP
to HA occurs through epitaxial growth of

Det WD Exp

10000x SE 8.1

HA on the OCP surface along the OCP[100]/
HA[100] and OCP [001]/HA[100] crystalline
planes [19]. Transformation of OCP to HA
may be accomplished in solution through
dissolution—precipitation or occur by solid-
state transformation via one of the two pro-
cesses [47]:

5CayH, (PO,), -5H,0 — 4Ca,, (PO, ), (OH), +6H,PO, +17H,0
Ca,H, (PO,), 5H,0+2Ca*" — Ca,,(PO,), (OH), +3H,0+4H" 4.4
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Fig. 4.4 Characterisation

of precipitates formed by b Ca/Pratio=141
MTA BIO after 2 months

of immersion in phosphate- Element At%
buffered saline. (a) SEM o 26.52
image showing the acicular

nature of spherules i 142
(original magnification, Pxs P 12.33
8,000x). (b) Energy cl -
dispersive X-ray (EDAX) Mg _
spectrum for precipitates in Ca 174

(a) and semi-quantitative
chemical composition
showing their Ca/P molar
ratio. (¢) SEM image
showing petal-like
precipitates (original
magnification, 1,000x).
(d) EDAX spectrum for
precipitates in (c) revealed
a greater Ca/P molar ratio
and lattice substitution of
Na and Cl. (e) SEM image
of compact lathlike
precipitates (original
magnification, 1,000x).
(f) Semi-quantitative
analysis of the EDAX data
derived from (e) indicates
that the precipitates have a
Ca/P molar ratio of 1.61
with lattice substitution of
Na, Cl and Mg. (g) X-ray
diffraction pattern of the
calcium phosphate
precipitates obtained after
2 months of immersion in
phosphate-buffered saline,
revealing the presence of
poorly crystalline apatite
(Reprinted from Reyes-
Carmona et al. [128],
copyright 2009, with
permission from Elsevier)
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The first reaction represents solid-state transfor-
mation and may occur in experiments that
examined desiccated calcium silicate cements
after they are immersed in phosphate-
containing fluids. The second reaction requires
an additional supply of calcium ions and is
more likely to occur in solutions containing
calcium. Such a scenario may be found when
there is continuous leaching of calcium ions
from the set hydraulic calcium silicate cements
after they are immersed in phosphate-
containing fluids or serum.

Taken together, evidence is abundant in the lit-
erature showing that hydraulic calcium silicate
cements exhibit in vitro activity. However, these
studies were not performed as rigorously as those
examining bioactive glasses. Although there have
been attempts to compare the in vitro bioactivity
of different commercially available or experi-
mental hydraulic calcium silicate cements, most
of the works were qualitative in nature. In par-
ticular, there was no adoption of a matrix such as
the use of an in vitro version of the Bioactive
Index, in systematically quantifying the percent-
age of the cement surface covered by calcium
phosphate salts or the variation in thickness of
the apatite or apatite-like mineral layer over time.

Indirect Evidence of In Vitro
Bioactivity

4.3.3

Interestingly, in vitro bioactivity of hydraulic cal-
cium phosphate cements was demonstrated in
dentine instead of bone. Sarkar et al. [137] were
the first to show the formation of an apatite-rich
interfacial layer along the cement—dentine inter-
face when grey MTA was placed on top of den-
tine and immersed in phosphate-containing fluid
for 2 months in vitro. According to the authors,
this interfacial layer was firmly attached to the
dentinal walls with no observable gap between
the interfacial layer and dentine. Subsequently,
Reyes-Carmona et al. [128] reported the forma-
tion of a similar interfacial layer along the
cement—dentine interface after ProRoot MTA,
MTA Branco and MTA BIO were immersed in
phosphate-buffered saline for 2 months in vitro.

Apatite-rich tags were also demonstrated in the
dentinal tubules and their lateral branches. Han
and Okiji [70] demonstrated similar interfacial
layers and taglike structures within dentinal
tubules after white ProRoot MTA (Dentsply
Tulsa Dental Specialties) and Biodentine
(Septodont,  Saint-Maur-des-Fossés, France)
were placed in instrumented root canals of bovine
incisors that were irrigated with ethylenediami-
netetraacetic acid and sodium hypochlorite and
followed by immersion in Ca- and Mg-free
phosphate-buffered saline for up to 3 months.

The mechanism involved in formation of an
interfacial cement—dentine layer with the use of
hydraulic calcium silicate cements is different
from what occurs in dentine bonding or with the
use of glass ionomer cements. In the absence of
adjunctive chemical treatment, it is not possible
for an inorganic layer to bond chemically or even
interlock mechanically with the surface of highly
mineralised dentine, which consists predomi-
nantly of mineralised type I collagen. In dentine
bonding, for example, bonding of adhesive resin
monomers to dentine is achieved by demineralisa-
tion of the dentine surface with acid or acidic
resin monomers to create a partially deminer-
alised collagen matrix. Hydrophilic adhesive resin
monomers infiltrate this collagen matrix and
polymerise in situ to create a hybrid layer that
bonds the pure resin layer above to the miner-
alised dentine below [122, 159]. In glass ionomer
cements and resin-modified glass ionomer
cements, chemical bonding occurs after treatment
of the dentine with polyalkenoic acid. An interfa-
cial zone or intermediate layer is created between
the glass ionomer cement and dentine, which rep-
resents the summation of the infiltration of poly-
alkenoic acid and subsequent deposition of
ion-exchange reaction products into the partially
demineralised collagen matrix [150, 170].

In the case of calcium silicate cements, a new
type of interfacial interaction known as the
‘mineral infiltration zone’ has recently been
reported [6]. In this interaction, the highly caustic
(alkaline) calcium silicate cement hydration prod-
ucts are responsible for the degradation of the col-
lagenous component of intertubular dentine. A
porous intertubular dentine layer is produced in
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which the collagen fibrils are depleted, leaving
behind porous ‘mineral ghosts’ [102] that enable
the permeation of high concentrations of calcium,
hydroxyl and carbonate ions to form a hypermin-
eralised layer [6]. Such a process has been termed
‘alkaline etching’ [6], to distinguish it from the
‘acid etching’ process associated with the use of
dentine adhesives and glass ionomer cements.
Prior to this report (Atmeh et al.) [6], a similar
hypermineralised layer was observed on the of the
resin-dentine interface (i.e. hybrid layer) when set
white Portland cement was used to remineralise
hybrid layers created in severely compromised
bonded dentine [102]. Whilst this ‘mineral infil-
tration zone’ enables a calcium silicate cement to
‘bond’ to dentine, it is likely to be highly brittle
because type I collagen, which is responsible for
the toughness of biological mineralised tissues [8,
94], is destroyed by the alkalinity of the calcium
silicate cements. It has been shown that hypermin-
eralisation of cortical bone produces localised
regions with reduction in fracture toughness that
are prone to subcritical crack formation within the
hypermineralised region [9]. These cracks pro-
vide sites for crack initiation following an impact.
Similarly, dentine with high mineral/collagen
ratios exhibits reduction in flexural strength and
energy to fracture [132], which may contribute to
increase in brittleness and decrease in fracture
toughness of human dentine with age [83, 113].
To date, the long-term effect of taking advantage
of the in vitro bioactivity of calcium silicate
cements to bond to dentine is unknown, particu-
larly for dental restorative procedures that involve
placement of a fast-setting calcium silicate cement
in dentinal cavities as a dentine replacement mate-
rial [23].

4.4 InVivo Bioactivity
of Hydraulic Calcium Silicate

Cements

As discussed in the introductory section, scien-
tific evidence is lacking to support the assump-
tion that a biomaterial that initiates the deposition
of calcium phosphate salts on its surface after
immersion in simulated body fluid will bond

directly to bone following placement of the mate-
rial in a surgical site [12]. Thus, it is appropriate
to review the in vivo bioactive potential of
hydraulic calcium silicate cements following
their surgical implantation in appropriate animal
models. Understandably, hydraulic calcium sili-
cate cements employed in dentistry are not
designed for complete filling of a surgical wound.
However, it is important to see if the in vitro bio-
activity reported for Portland cement and other
hydraulic calcium silicate cements marketed for
clinical use can be reproduced in vivo.
Specifically, it is pertinent to identify if these
materials can bond directly to bone without
encasement by a fibrous connective tissue, the
latter being the property of a bioinert material.

Because biocompatibility is not the subject of
discussion in this chapter, studies that involved
subcutaneous implantation of set calcium silicate
cements will be excluded from the discussion.
Likewise, histological studies that involved test-
ing of calcium silicate cements as a root-end fill-
ing material will be excluded, as the tissue
response involves migration of fibroblasts from
the adjacent periodontal ligament to produce a
layer of cementum over the material. Thus, only
quantitative histological studies that involved the
placement of calcium silicate cements as intraos-
seous implants will be examined. Of those stud-
ies, four studies [34, 35, 62, 63] that involved
placement of calcium silicate cement-loaded
polyethylene tubes into extraction sockets in a rat
model were also excluded, as those implants
were perceived to fit rather loosely within the sur-
gical site. The results from the six studies selected
based on these inclusion and exclusion criteria
are summarised in Table 4.2.

Although in vitro bioactivity has been reported
for most of the calcium silicate cements available
for clinical use, evaluation of the bone-bonding
potential of these cements was almost exclusive
focused on grey MTA (ProRoot MTA, Dentsply
Tulsa Dental Specialties) [111, 126, 133, 144,
153, 154]. Although a Bioactivity Index similar
to that utilised in in vivo bioactive glass research
has not been employed to quantify the time
required for more than 50 % of the calcium sili-
cate cement interface to bond to bone, there were
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attempts in some studies to classify the bone
apposition responses in terms of the percentage
of exposed cement surface area that is in direct
contact with new bone [111, 126] or the temporal
changes in bone apposition responses prior to the
sacrifice of the animals [111, 126, 133, 144].
With the exception of one study in which the
results are questionable due to the similar bioac-
tivity responses elicited by grey MTA and the
negative control (no material placement in
intraosseous site) [126], the rest of the studies
were unanimous in demonstrating direct apposi-
tion of bone to grey MTA is possible without the
new bone being separated from the material by a
fibrous capsule. However, such a hallmark of
in vivo bioactivity could not be predictably
achieved in all the five studies [111, 133, 144,
153, 154]. For example, in a guinea pig model
employed by a group of authors [153], 90 % of
the grey MTA specimens that were implanted in
the mandible were incapable of direct bonding to
bone, with the histological manifestation of
fibrous connective tissue between the newly
formed bone and the set cement. In the same
study, 45.45 % of the specimens implanted in the
tibia were incapable of direct bonding to bone,
whilst 9.1 % of the specimens demonstrated
incomplete direct bone contact with intervening
fibrous tissues. These unfavourable results could
not have been attributed to the displacement of
the implanted cup containing the tested material
into the surrounding tissues, as those specimens
could not be sectioned satisfactorily and would
not have been reported [153]. Likewise, these
unfavourable results could not be accounted for
by implanting grey MTA in a bioinert Teflon cup,
as similar results were achieved when freshly
mixed grey MTA was directly placed into the
intraosseous site [111]. In any scientific disci-
pline that involves hypothesis testing, a hypothe-
sis can seldom be accepted if 90 % or even 50 %
of the results are contrary to what is proposed.
Yet, in a subsequent comprehensive review by
those authors, MTA was described as bioactive
based on its ability to form an apatite layer on its
surface when it comes in contact with physiologi-
cal fluids in vivo or with simulated body fluids
in vitro [121]. In the age of evidence-based end-

odontics [152], it is worth pondering the question
raised by Bohner and Lemaitre in a leading opin-
ion biomaterials paper: ‘can bioactivity be tested
in vitro with simulated body fluid solution?’ [12].

Similar results were achieved in another study
that compared the in vivo bone-bonding ability of
grey MTA versus Portland cement in a guinea pig
model [133]. The study concluded that there is no
statistical significance between a clinical-grade
and an industrial-grade hydraulic calcium silicate
cement in terms of their ability to bond to bone.
In that study, the authors used grooved Teflon
cups for filling the calcium silicate cements to
prevent dislodgement of the implants from the
intraosseous sites. They also examined the bio-
logical responses after two time periods, 14 and
84 days. For both Portland cement and grey
MTHA, both direct contact of the cement with new
bone (Fig. 4.5a) and the presence of a thin layer
of fibrous connective tissue between the cement
and new bone (Fig. 4.5b) were observed.
Although not explicitly mentioned in that paper,
an important result was obtained after reanalysis
of the data presented by comparing the responses
of each material over the two time periods. That
is, there is no statistically significant increase in
specimens exhibiting direct bone—cement contact
with time, for either grey MTA or Portland
cement (Fisher exact tests, p>0.05).

Since direct bone apposition occurs in grey
MTA and Portland cement intraosseous implants,
it is envisaged that the in vivo stages of bioactiv-
ity (i.e. stages 6-11; Table 4.1) that were
described for bioactive glasses should be reca-
pitulated in these calcium silicate cements, as
these stages represent the body’s physiological
healing and regeneration processes. Adsorption
of proteins on the apatite-coated cement surface
(stage 6) should enable the mesenchymal stem
cells that migrate into the bony defect to ‘see’ a
bone-like surface complete with organic
components, and not a foreign material. There is
only one study in the endodontic literature that
attempted to analyse the surfaces of grey MTA
and white MTA when these cements were
allowed to set in the presence of fetal bovine
serum [151]. This would have been the perfect
opportunity to analyse the type of proteins/
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Fig. 4.5 (a) Light microscopy image of the tissue
response following implantation of grey MTA (ProRoot
MTA) in an intraosseous site for 2 weeks. The material—
hard tissue interface (arrow) shows new bone (B) apposi-
tion in direct contact with the material (M). Open
arrowhead: osteocyte; V, capillary blood vessel. Inset:
grey MTA-filled Teflon tube (removed, space left behind)
and adjacent tissues showing remnants of grey MTA and
the location (red box) from which the high-magnification
image is derived (haematoxylin—eosin-stained section;
original magnification, 250x). (b) Light microscopy

growth factors that preferentially attached to the
set cement surfaces. Unfortunately, the study
only analysed the surface inorganic chemical
composition of the set cement and nothing was
performed to characterise the protein components.
The effect of macrophages on clearing the

image of the tissue response following implantation of
grey MTA in another intraosseous site for 2 weeks. The
grey MTA was lost during histological preparation (S).
The bone tissue (B) has healed well, but a thin layer of
fibrous connective tissue (pointer) separates the newly
formed bone from direct contact with the implanted grey
MTA. Inset: grey MTA-filled Teflon tube (dislodged) and
adjacent tissues showing the location (red box) from
which the high-magnification image is derived (haema-
toxylin—eosin-stained section; original magnification,
250x) (Images courtesy of Dr. Kamran Safavi)

debris around the implanted material for tissue
repair (stage 7), being part of the host inflamma-
tory response, has been shown in many studies
[34, 35, 133].

Inasmuch as the in vivo bone-bonding poten-
tial of grey MTA was unpredictably achieved,
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there was no explanation in the studies involved
with regard to why this is so. Thus, it is logical to
ask why a non-adherent fibrous capsule is some-
times formed that prevents direct contact of the
newly formed bone with the set cement. One of
the reasons is probably due to the initial high
alkalinity [150] of the intraosseous site following
implantation of the grey MTA. Although part of
the calcium hydroxide formed in the initiate
hydrolysis of tricalcium silicate and late hydroly-
sis of dicalcium silicate is deposited as crystal-
line portlandite, saturated aqueous calcium
hydroxide is also present as ‘pore solution” within
the bulk of the set hydrated cement [17, 29].
Leaching of this ‘pore solution’ results in coagu-
lation necrosis of the tissues in contact with the
material and causes an initial mild to moderate
inflammatory response that may result in the for-
mation of granulation tissue by fibroblasts on
resolution of the inflammation [35]. Nevertheless,
no study has attempted to correlate the extent of
inflammation around the intraosseous implants
with the subsequent ability of the grey MTA to
bond directly to bone.

The major cations that leach from set grey
MTA were reported to be (in parts per million)
Ca 176.7+3.3, Si 13.4+0.6, Bi 6.1+0.5, Fe
2.5+£04, A12.3+0.2 and Mg 1.0+0.1 [137]. The
beneficial effects of Ca and Si ions on osteogen-
esis have already been described in the section on
bioactive glasses. It is envisaged that leaching of
these cations from set grey MTA and Portland
cement will exert similar beneficial effects on
osteogenesis and contribute to the in vivo bioac-
tivity of these calcium silicate cements. It was
also mentioned in the section on bioactive glasses
that addition of as little as three mass% Al,O;
completely inhibited the in vivo bone-bonding
ability of bioactive glass [67]. Portland cement
contains 4.7 mass% Al,Os;, with the calculated
constitution of tricalcium aluminate and tetracal-
cium aluminoferrite being 7.9 and 8.1 mass%,
respectively [39]. Although some of the leached
Al ions may be incorporated into the calcium sili-
cate hydrate phase of set calcium silicate cements
[3, 118, 130], part of the leach ions may still exist
in solution, which may have an adverse effect on
the in vivo bioactivity of grey MTA and Portland

cement. To date, no information is available on
the in vivo bioactivity of other commercially
available calcium silicate cements. To test
whether aluminium has a detrimental effect on
the in vivo bioactivity of calcium silicate cements,
it is necessary to compare the bone-bonding
potential of white MTA with the corresponding
grey versions of the cement, because tricalcium
aluminate is negligible, and tetracalcium alumino-
ferrite is virtually absent from white MTA [24,
124]. Future studies should also examine the
in vivo bioactivity of aluminium-free, sol—gel
reaction-derived calcium silicate cements and
compare the results with aluminium-containing,
clinker-derived calcium silicate cements.

For the other cations released by grey MTA,
magnesium has been shown to stimulate adhe-
sion of osteoblastic cells to implant surfaces by
interacting with integrins of osteoblast cells
which are responsible for cell adhesion [168,
176]. By contrast, iron has an inhibitory effect on
bone morphogenetic protein 2-induced osteo-
blastogenesis [169]. Addition of 20 mass% Bi,0;
to a dicalcium silicate cement resulted in lower
cell proliferation, differentiation and formation
of calcium deposits by MG63 human osteosar-
coma cells in cell culture experiments [31]. Of
the minor inorganic phases formed on the cement
surface following hydration, the potential effects
of ettringite and calcium monosulphate alumi-
nate hydrate on osteogenesis is unknown. Calcite,
which is frequently formed on the cement sur-
face, has been shown to bond directly to bone
without the formation of a carbonated apatite sur-
face layer [114].

It has been mentioned in the section on bioac-
tive glasses that fibroblasts do not spread and pro-
liferate on bioactive glass surfaces, contrary to
what occurs on the surface of bioinert materials
[139]. Although set MTA provides an excellent
surface for the attachment of bone-forming cells
or osteoblast-like cells [2, 87, 88, 108, 112, 175],
mesenchymal stem cells take 24—72 h to migrate
from their stem cell niches to the surgical site
before they can attach to the surface of the
intraosseous implant (stage 8). Unlike bioactive
glass, MTA surfaces also provide a highly favour-
able environment for fibroblasts to attach and
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proliferate [7, 13, 68, 134]. Thus, at least, theo-
retically, there is a competition between fibro-
blasts and osteogenic cells for attachment to the
protein-coated calcium silicate cement surface
in vivo. In a more recent study on the attachment
and proliferation of fibroblasts and osteoblasts on
calcium silicate cements, it was found that human
periodontal ligament fibroblasts and human
osteoblasts attach and proliferate well on MTA-
based materials. However, the osteoblasts exhib-
ited lower proliferation rates compared with
fibroblasts [161]. Because the two cell lines
require different growth media in cell culture
environments to support osteogenic differentia-
tion of the osteoblasts, experiments on the fibro-
blasts and osteoblasts were performed separately.
The study should be repeated by culturing both
cell lines in the same medium and without stimu-
lating osteogenic differentiation of the osteo-
blasts. Quantitating the cell type that preferentially
attaches to the surface of MTA-based materials
should provide an in-depth appreciation of
whether competition between fibroblasts and
osteoblasts for attachment is responsible for
unpredictable bone bonding following intraosse-
ous implantation of hydraulic calcium silicate
cements. That said, it does not mean that demon-
stration of a fibrous capsule over the set calcium
silicate cement surface is an indication of the
suboptimal clinical effectiveness of these
cements. Rather, attachment of periodontal liga-
ment fibroblasts to the cement surface provides a
means for regenerating the periodontal ligament
and deposition of cementum, as discussed in
detail in a recent systematic review [85].
Formation of cementum provides the justification
for the clinical superiority in using hydraulic cal-
cium silicate cements as clinical root-end filling
materials.

In terms of the osteoconductivity and osteoin-
ductivity of calcium silicate cements, the litera-
ture is dichotomous with respective to how these
cements should be classified. For example,
Moretton et al. compared tissue reactions after
subcutaneous and intraosseous implantation of
grey MTA in a rat model [111]. The authors con-
cluded that grey MTA is not osteoinductive
because osteogenesis was not observed in subcu-

taneous implants. Nevertheless, the authors
concluded that grey MTA is osteoconductive
because osteogenesis occurred erratically with
intraosseous implants. Conversely, using subcu-
taneous implants of MTA materials in rat models,
other studies reported dystrophic calcifications
within the fibrous capsule formed around the
cement surface [80, 119, 145, 167]. Those
authors opined that production of calcific struc-
tures in subcutaneous implants is a sign of osteo-
inductivity of the MTA materials.

Conclusion

MTA has been reported and promoted as bio-
active materials based on its ability to produce
apatite after interacting with phosphate ions
derived from physiological or simulated body
fluids. As this attribute was first observed in a
Si0,—Na,0—CaO-P,0s quaternary bioactive
glass, the same definitions employed for
establishing in vitro bioactivity and in vivo
bioactivity in glass or glass-ceramic systems
and the proposed mechanisms involved in
these phenomena are used as blueprints for
reviewing whether these activities are identifi-
able in MTA and other calcium silicate
cements. As far as in vitro bioactivity is con-
cerned, all papers published on this phenome-
non clearly demonstrated that some forms of
calcium phosphate deposition on the surface
of calcium silicate cements after these materi-
als were immersed in simulated body fluids or
phosphate-containing fluids. It is likely that
these calcium phosphate deposits represent
the amorphous or crystalline precursors of
carbonated apatite, or carbonated apatite per
se, depending on the condition and timing
upon which the specimens were examined and
the techniques employed for analysing these
inorganic precipitations. In this regard, the
phenomenon of in vitro bioactivity of calcium
silicate cements is indisputable. However,
studies performed on calcium silicate cements
lack the robustness that was demonstrated in
similar studies performed on bioactive glasses,
in terms of quantifying the spatiotemporal
events associated with the activity. Based on
these studies, the mechanisms that are respon-
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sible for the in vitro bioactivity of calcium
silicate cements may be generally described in
stages that are analogous to those exhibited by
bioactive glass or glass-ceramics.

Based on the same definition adopted for
bioactive glass and glass-ceramics, in vivo bio-
activity has been demonstrated for at least grey
MTA and Portland cement. However, a fibrous
connective tissue layer is frequently observed
along the newly formed bone—cement interface
that is reminiscent of the responses observed in
bioinert materials. The composition, constitu-
tional phases and hydration characteristics of a
clinker-derived calcium silicate cement are
much more complex compared to a quaternary
or even a ternary melt-derived bioactive glass
system. The contribution of early and late
hydration of different constitutional phases in
clinker-derived calcium silicate cements to the
rate and extent of carbonated apatite formation
has not been established. Data is also lacking
on the potential in vivo bioactivity of other
calcium silicate cements such as white MTA
and MTA-like materials, as well as and single-
phase calcium silicate cements. In matters of
style, it is tempting to swim with the current
by endorsing that hydraulic calcium silicate
cements exhibit predictable in vivo bioactive
behaviour akin to those observed in 45S5
bioactive glass. In matters of principle,
however, one has to acknowledge that there is
presently insufficient scientific evidence to sup-
port this assumption. More importantly, the
parameters responsible for this uncertainty
have not been recognised. Even though this
assumption may be valid, the current methods
generally employed by the endodontic commu-
nity for validating this assumption leave room
for improvement in terms of understanding
how the composition (including types of opaci-
fier), hydration phases and alkalinity of differ-
ent calcium silicate cements may influence the
predictability of their in vivo bone-bonding
responses. In addition, universally acceptable
criteria are lacking for objective appraisal of the
relative in vivo bioactivity of different hydrau-
lic calcium silicate cements. As such, the term
‘bioactivity’ is used rather ambiguously and

loosely defined in studies on these cements.
Appraisal criteria should be developed by repu-
table organisations such as the International
Organization for Standardization (ISO) or the
American Society for Testing and Materials
(ASTM), to guide manufacturers, or scientists
who are interested in patenting their own inven-
tions, in more accurately defining the bioactiv-
ity profiles of novel calcium silicate cements
that are introduced for restorative and endodon-
tic applications.
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Reactivity and Environmental

Factors

Josette Camilleri and Paul Dummer

5.1 Introduction

Hydrated mineral trioxide aggregate (MTA) is
composed of un-hydrated cement particles,
which acts as a core around which a reaction rim
of hydration products is formed (Fig. 2.5). When
mixed with water, the tricalcium and dicalcium
silicate react forming calcium silicate hydrate
(honeycomb appearance) and calcium hydroxide
(hexagonal plates) (Fig. 2.6), which is leached in
solution. The presence of calcium hydroxide has
been verified by X-ray diffraction analysis as it
produces a typical peak for portlandite at 18° 260
(Fig. 2.9), whilst the leaching of calcium has
been measured by inductively coupled plasma.
The particular microstructure of MTA and the
presence of calcium hydroxide in solution make
the material susceptible to environmental factors.
The use of MTA brings it into contact with other
materials, tissues and fluids, and a number of
changes occur within or on the surface of the
material in various environmental conditions.
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5.2

MTA has a variety of applications mostly in
Endodontics. These various uses have been dis-
cussed [60] and are outlined in Chap. 6.

5.2.1 Dental Materials

5.2.1.1 Glass lonomer

Covering MTA with glass ionomer cement when
it is used as a pulp capping agent results in physi-
cal changes to the materials at their interface
(Fig. 5.1a). A sizable gap has been observed at
the interface attributed to the movement of water
out of MTA into the glass ionomer. This move-
ment of water out of MTA can inhibit its hydra-
tion and increases its porosity [9]. There is no
evidence that covering MTA with a glass iono-
mer has an effect on the glass ionomer cement
itself with regard to setting time and setting reac-
tion [5, 36]. However, migration of strontium
from glass ionomer to MTA has been observed
[9], although its effects are unknown.

5.2.1.2 Base Materials

Zinc oxide eugenol-based cements are used as tem-
porary filling materials and come into contact with
MTA when it is used for pulp capping. Zinc is a
retarder of cement hydration [47], and zinc salts
form calcium hydrozincate (Ca(Zn(OH);H,0),),
an insoluble hydroxide in alkaline solution that cre-
ates a coating on MTA particles. In addition, zinc
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Fig. 5.1 (a) Interaction of glass ionomer cement with
MTA leading to failure of glass ionomer and (b) layering
of MTA with zinc oxide eugenol with a resultant

oxide retards the hydration of tricalcium silicate,
although it does not interfere with the tricalcium
aluminate/gypsum reaction. Zinc is incorporated
into the calcium silicate hydrate gel phase [46], and
the migration of zinc from zinc oxide cement into
MTA has been reported. Furthermore, MTA in
contact with intermediate restorative material
(IRM) (Dentsply Caulk, Milford, DE, USA) exhib-
its a high degree of porosity resulting from incom-
plete hydration (Fig. 5.1b) [9].

5.2.1.3 Composite

The shear bond strengths of different composite
adhesive systems to white MTA has been com-
pared [6] with the conclusion that an etch-and-
rinse adhesive system was preferred when placing
compomer materials upon white MTA because it
exhibited significantly higher shear bond strength
values than self-etch adhesive systems. MTA
used as pulp capping material necessitates the
layering of MTA with composite for immediate
restoration of the tooth. The use of bonding agent
has been shown to reduce gaps at the material
interface. Contact with both bonding agent and
composite can reduce the micro-hardness of
MTA in the early stages of its hydration [65].

5.2.2 Intra-canal Medicaments

When used inside the root canal for furcal repair
and apexification procedures, MTA may come

50Lm

retardation of setting of MTA (Reprinted from Camilleri
[9], copyright 2011, with permission from Elsevier)

into contact with medicaments such as non-
setting calcium hydroxide paste. No consensus
has been reached on whether the calcium hydrox-
ide in medicaments affects the sealing ability of
MTA [20, 58]. However, calcium hydroxide does
create an alkaline environment, which increases
the porosity and un-hydrated microstructure of
MTA [49], although no microstructural changes
have been observed within MTA following con-
tact with calcium hydroxide paste. On the other
hand, migration of silicon and aluminium from
MTA into calcium hydroxide medicaments has
been observed [9].

5.2.3 Intra-canal Solutions

5.2.3.1 Bleaching Agents

MTA has been reported to be more easily dis-
placed when in contact with sodium perborate
mixed with saline, Superoxol (Sultan Healthcare,
Hackensack, New Jersey, USA), and sodium
perborate mixed with Superoxol, whereas IRM
was not affected by the treatments used clini-
cally for tooth bleaching [34]. Bleaching agents
have also been shown to affect the elemental dis-
tribution of MTA [64]. A decrease in calcium
and an increase in silicon were observed, and
this tendency was especially pronounced when
higher concentrations of hydrogen peroxide
were used. The acidic conditions induced by
bleaching agents also deteriorate the surface of
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MTA. Overall, these findings suggest that MTA
is not an effective barrier during tooth bleaching
and should be protected by a more suitable
material.

5.2.3.2 Chelators

Calcium chelators used as irrigating solutions
affect the strength and microstructure of MTA.
It has been reported that ethylenediaminetet-
raacetic acid (EDTA) significantly reduced the
hardness and flexural strength of MTA compared
with distilled water. Indeed, when in contact with
EDTA, set MTA had a reduced Ca/Si molar ratio,
a reduced calcium hydroxide production, lack of
biocompatibility and reduced micro-hardness
[31]. Therefore, after use of EDTA in the root
canal system, a final flush with distilled water is
advocated before placement of MTA [1]. EDTA
and BioPure MTAD (Dentsply, Tulsa Dental
Specialities, Tulsa, Oklahoma, USA) decreased
the sealing efficacy of MTA 24 h after placement
to suggest it may be beneficial to seal furcal
repair sites where MTA has been used with a pro-
tective lining material before commencement of
chemo-mechanical root canal preparation [66].

5.2.3.3 BioPure MTAD

BioPure MTAD-treated MTA surfaces exhibit
greater surface roughness and more calcium loss
when compared with EDTA treatment.
Decomposition of the particle-binding hydration
phases by acid erosion raises potential concern
over the strength and sealing properties of MTA-
repaired perforations following final irrigation
using BioPure MTAD [57]. The seal of MTA
used to repair root perforations has been reported
to be negatively affected by irrigating solutions.
Fluid conductance was affected by the type of
irrigating regime used with mixtures of sodium
hypochlorite and EDTA/MTAD resulting in
increased leakage using the fluid filtration method
to assess sealing ability of MTA [66].

5.2.3.4 Sodium Hypochlorite

NaOCl is used routinely as an irrigant in root
canal treatment. Interestingly, its interaction
with MTA has not been investigated extensively.
However, NaOCl has been shown to enhance the

Fig.5.2 Photograph of dried bismuth oxide powder after
immersion for 24 h in sodium hypochlorite solution,
showing surface crystalline deposits

push-out bond strength of MTA in the early
stages of hydration [26]. MTA exhibits dark
brown discoloration in contact with sodium
hypochlorite solution [10], (Fig. 5.2). It is pos-
tulated that since sodium hypochlorite is
reduced to sodium chloride, the oxygen present
can destabilise the bismuth oxide in MTA ren-
dering it reactive with the atmospheric carbon
dioxide to be converted to bismuth carbonate,
which is light sensitive and thus turns black
when exposed to light. The sensitivity of MTA
to different light sources has been demonstrated
[67, 68].

5.2.4 Root Canal Sealers

MTA in contact with formaldehyde exhibits black
discolouration Marciano MA, Hungaro Duarte
MA  University of Bauru  (Personal
Communication). Formaldehyde is released from
resin-based sealers containing hexamethylenetet-
ramine, such as AH 26, and Sealer 26 as a result
of a chemical reaction between bisphenol A resin
and hexamethylenetetramine.
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Fig. 5.3 (a) Intact surface of unetched mineral trioxide
aggregate after 24 h. Irregular needlelike crystals that
cover globular formulations (a) and cross sections of sev-
eral micro-channels (b) can be seen (mag. 500x). (b)
Etched enamel surface after 24 h. Selective loss of matrix

5.2.5 Acid Etching

It is well known that exposure of MTA to a low
pH environment will influence its physical and
chemical properties [14, 70]. It is therefore not
surprising that in the laboratory environment
application of acid etch has adverse effects in the
short term, on the push-out bond strength [56],
porosity, micro-hardness [37] and compressive
strength [28] of MTA, suggesting it would be bet-
ter to postpone restorative procedures to allow
more advanced hydration of the cement. Over
longer time periods after placement, the applica-
tion of etchants on some brands of MTA does not
appear to affect its compressive strength [29];
however, other brands were more susceptible to
etchant and have a reduced strength.

Following the laboratory evaluation of acid
etchant on various materials [44], it was con-
cluded that etching of MTA did not improve its
shear bond strength to composite resin and that
the surface etching of MTA was not necessary
prior to composite placement using a total-etch
adhesive resin. Furthermore, it is advised that
when MTA is used in vital pulp therapies, it is
better to cover the material with glass ionomer
cement. However, it must be emphasised that
these reports are based on laboratory investiga-
tions and that clinical trials have not been reported

from around the crystalline structures and relatively uni-
form honeycomb etched pattern with minimal loss of the
cement can be seen. No needlelike crystals were observed
(mag. 500x) (Reprinted with permission from Kayahan
et al. [28]. © 2009 International Endodontic Journal)

on the use and effects of acid etchant on MTA in
a clinical setting.

The effects of exposing MTA to acid etching
have been demonstrated by SEM analysis. In
general, a selective loss of matrix from around
the crystalline structures of MTA has been
observed resulting in a relatively uniform ‘hon-
eycomb’ pattern without penetrating deeply or
removing substantial amounts of cement. In addi-
tion, etching has revealed crystalline structures
such as plate-shaped and laminated crystals on
the MTA surface; however, needlelike crystals
have been reported to be missing (Fig. 5.3a, b)
[28]. Further investigation on the material micro-
structure after exposure to acid etch in order to
identify crystal morphology is necessary. The
significance of these morphological changes is
unclear.

5.2.6 Blood

The contamination of MTA by blood has been
investigated in a number of laboratory studies in
terms of the effect on its physical properties, leak-
age, displacement, marginal adaptation and
colour. There is little doubt that blood contamina-
tion on the surface of MTA and, in particular,
when incorporated into the material is detrimental
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Fig. 5.4 Scanning electron microscopy images of min-
eral trioxide aggregate specimens mixed entirely with
water (a), partially (b) and entirely (¢) with whole, fresh
human blood. Porosity (i) and presence of cross sections

to its hydration and thus its ultimate physical
properties and performance. Unfortunately, MTA
is often placed in contact with vital tissues that
ooze blood/serum (pulp capping) or in situations
where blood pools on its surface (root-end filling),
and the impact of blood contamination is impor-
tant and must be minimised.

5.2.6.1 Physical Properties

Mixing MTA with blood has a negative effect on
its surface hardness, microstructure [41] and
compressive strength [42]. Essentially, it has
been reported that when blood becomes incorpo-
rated into MTA, its compressive strength is
reduced with the result that in clinical situations
in which blood becomes mixed with MTA, its
physical properties are likely to be compromised
[42], even when used with accelerators [43].

of micro-channels (ii) can be observed (Reprinted with
permission from Nekoofar et al. [39]. © 2011 International
Endodontic Journal)

Similar effects have been reported when foetal
bovine serum was used to contaminate the sur-
face of MTA [30].

The hydration state of MTA mixed with blood
has also been reported [39] with specimens par-
tially mixed with blood being more completely
hydrated than those mixed entirely with blood and
less than specimens hydrated completely with
water. Lack of formation of the crystalline calcium
hydroxide in the early stage of the hydration pro-
cess and the absent of acicular crystals, character-
istic of ettringite crystals, in blood-contaminated
specimens are common findings (Fig. 5.4).

5.2.6.2 Leakage

In laboratory studies, it has been reported that
blood contamination of the surface of MTA
increases leakage of root-end fillings when using



92

J. Camilleri and P. Dummer

tracer dyes [25]. An earlier study did not exhibit
any leakage when root-end restorations were
contaminated with blood and leakage was
assessed using dyes [63].

5.2.6.3 Displacement

The push-out bond strength of MTA in the pres-
ence of blood contamination when used as a per-
foration repair material has been shown to be
reduced [2, 69]. Conversely, other researchers
reported increased values [45].

5.2.6.4 Marginal Adaptation

It has been reported that exposure to blood during
setting has a negative effect on marginal adapta-
tion of MTA [52].

5.2.6.5 Colour
Contamination of MTA with blood has been shown
to have an adverse effect on tooth colour [33].

In summary, it is likely that the detrimental
effects of blood on MTA will have a negative
impact on its physical characteristics and thus on
its performance in a variety of laboratory tests.
From a clinical perspective it seems sensible to
avoid blood contamination if possible.

5.2.7 Bone Grafting Materials

Demineralised and mineralised graft materials
appear to have a differential effect on the micro-
hardness of white MTA. White MTA micro-
hardness values when in contact with Bio-Oss
(Geistlich Pharma, Princeton, New Jersey, USA),
MinerOss (BioHorizons, Markham, Ontario,
Canada) and Puros (Zimmer Dental, Carlsbad,
California, USA) have been reported to be lower
than those for OraGraft (Salvin Dental Specialities,
Charlotte, North Carolina, USA) and control
groups regardless of incubation period [53].

5.2.8 Variable pH

A number of laboratory studies have evaluated
the physical properties of MTA specimens fol-
lowing exposure to a range of acidic environ-
ments during hydration on the basis that in some

situations the tissues or fluids that come into con-
tact with MTA are acidic. The mean pH of pus
from periapical abscesses was generally acidic,
although some samples were neutral and some
were alkaline [40]. It has been reported that sur-
face hardness of MTA was reduced in an acidic
environment [37] as is push-out strength [56].
Leakage of root-end fillings has also been
reported to be affected by low pH [50]. The effect
of acidic environment on the dislodgement resis-
tance of MTA when used as a perforation repair
material has been compared, and it was con-
cluded that its dislodgment resistance was sig-
nificantly reduced after exposure to acid [23].
Alkaline pH has also been reported to have a
negative impact on push-out strength [51], sur-
face hardness and porosity [49].

5.2.9 Saliva

Since MTA is known to have relatively poor
physical properties in terms of strength and wear
resistance, it has never been recommended for
use when in contact with saliva. Thus, the con-
tamination of MTA with saliva is unlikely in most
situations, but may occur if the material is used to
repair perforations that communicate with the
mouth, i.e. in perforations occurring within peri-
odontal pockets. Despite this, a number of labo-
ratory studies have been conducted on salivary
contamination of MTA with conflicting results. It
has been reported that saliva reduces [24],
increases [36] or has no effect [25] on leakage of
MTA when used as a root-end filling material.
The leakage of MTA when exposed to saliva and
used as an orifice barrier [71] and an orthograde
filling material [3] has also been evaluated with
conflicting results. Overall, it must be remem-
bered that the validity of leakage studies has been
questioned and the conclusions of these and other
similar studies are likely to be meaningless.

5.2.10 Tissue Fluid and Simulated
Tissue Fluid

Mineral trioxide aggregate used as a root-end fill-
ing comes into contact with tissue fluid before
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complete hydration is achieved. When MTA is in
contact with tissue fluid, the setting time is extended
and in certain cases the material may not set at all
[11, 19]. Immersion in tissue fluid has been reported
to result in incomplete setting of MTA as the pres-
ence of phosphates in solution retards its hydration.
The retardation is induced by the formation of
insoluble hydroxides in the alkaline solution. The
insoluble hydroxides form a coating over the
cement particles. The adsorption of phosphate ions
on the surface of the clinker phase or on the hydra-
tion product is thought to result in the precipitation
of calcium phosphates [46]. Glucose, which is
present in Hank’s balanced salt solution, is also a
known retarder of cement hydration [46].

The retardation of setting is apparent under
the scanning electron microscope when the sur-
face microstructure of MTA in contact with
Hank’s balanced salt solution was investigated.
MTA in contact with simulated body fluid exhib-
its no evidence of hydration (Fig. 5.5). The
cement in contact with simulated body fluid
exhibits micro-cracking, which is caused by
expansion of the cement [11].

When set MTA is stored in Hank’s balanced
salt solution, the pH of the storage solution
becomes less alkaline. This could be due to the
presence of buffers in simulated body fluids.
These buffers are added to these solutions to
maintain their pH. Regardless of the less alkaline
pH, calcium ion release has been demonstrated in
Hank’s balanced salt solution. The leaching of
calcium is higher in simulated body fluid than in
distilled water both when tested after 1 day of
immersion and at 28 days of material contact
with the solution [8, 17].

The compressive strength of MTA stored in
Hank’s balanced salt solution is lower than when
stored in a humid environment or immersed in
water [18]. The dimensional stability of MTA
in contact with different soaking solutions has
been investigated and a net expansion has been
reported when the materials were placed in con-
tact with physiological solutions [8, 59]. MTA
materials achieved approximately half of their
final linear setting expansion by 300 min, with
approximately 75 % of expansion occurring by
460 min and the final 25 % of total expansion
occurring between 460 min and 24 h [59].

5.2.11 Effect on Dentine and Pulp

MTA releases calcium hydroxide as a by-product
of hydration. The calcium hydroxide has a bene-
ficial effect on the pulp, and dentine bridge for-
mation has been reported. Random controlled
clinical trials have shown that MTA is associated
with the best clinical outcomes when used as a
pulp capping material and for apexification/apex-
ogenesis procedures (as discussed in Chap. 3;
Table 3.1). The metallic ions released by set and
setting MTA when placed clinically, may release
dentine matrix components that potentially influ-
ence cellular events for dentine repair and regen-
eration [61].

When in contact with dentine, MTA altered
the toughness more than the strength and stiff-
ness of dentine after ageing in 100 % relative
humidity. Dentine toughness is attributed to its
collagen matrix; thus, MTA seems to affect the
dentine collagen matrix [54]. Prolonged contact
of mineralised dentine with MTA has an adverse
effect on the integrity of the dentine collagen
matrix. However, the amount of collagen
extracted was limited to the contact surface.
Clinicians are thus advised to use MTA with
caution when it is applied to thin dentinal
walls [32].

Along the material-dentine interface, MTA
forms a taglike structure that is composed of
either Ca- and P-rich crystalline deposits or
the material itself. The width of a Ca- and
Si-rich layer detected along the dentine layer of
the material-dentine interface increases over
time [21]. The selective diffusion of silicon,
calcium and phosphorous across the cement-
dentine interface has been demonstrated [16].
The movement of calcium is difficult to show
using scanning electron microscopy and elemen-
tal mapping since calcium is present in both
the material and dentine. However, elemental
migration is clearly shown across the interface
(Fig. 5.6). Together with calcium, silicon and
phosphorus, migration of bismuth is also
evident. Migration of bismuth into dentine can
be problematic as bismuth oxide has been
shown to react with collagen resulting in a
change in colour of both MTA and the tooth
[35] (Fig. 5.7).
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Fig. 5.5 Scanning electron micrographs of MTA stored
in different environmental conditions (a, b) dry, (¢, d)
immersed in water (e, f) immersed in HBSS. (a, c, e)
Depict the outer region whilst (b, d, f) the core region

5.2.12 Chemical Reagents

Subjecting MTA to phosphate-buffered glutaralde-
hyde, a reagent used routinely for fixing cells in
biocompatibility studies, results in the production
of calcium phosphate crystals, which are deposited

(Reprinted from Camillerietal. [11]. © 2013 International
Endodontic Journal. Published by John Wiley & Sons
Ltd)

on the MTA surface [12]. The structure of set MTA
is severely affected when subjected to acidic dyes
such as rhodamine B used to test its sealing ability.
The use of rhodamine B as a tracer increased the
apparent leakage of MTA as the acidity affected the
material and the dye preferentially passed into and
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Fig.5.6 Scanning electron micrograph of MTA to tooth interface and elemental maps for bismuth, calcium, silicon and
phosphorus showing elemental migration from the MTA to the tooth at the interface

Fig. 5.7 (a) Labial surface of bovine tooth filled with
MTA showing grey staining highlighted in the dotted rect-
angle; (b) section through tooth showing marked dentin

through it rather than along the tooth to material
interface [14]. Furthermore, subjecting MTA to
critical point drying, which is also a routine proce-
dure used to dry cells for biocompatibility studies
using osteoblasts, results in changes to the MTA
surface. Critical point drying uses high tempera-
tures, pressure and carbon dioxide to dry the mate-
rial. This reacts with the calcium hydroxide

staining. The dark discolouration was concentrated near
dentin surface (Reprinted from Marciano et al. [35])

depositing calcium carbonate over the MTA sur-
face. Due to the low pressure, the calcium carbon-
ate is deposited in various crystalline forms,
namely, as calcite vaterite and aragonite [13].
Changes on the surface of set MTA have also been
reported in the presence of foetal bovine serum
with the material surface having a homogenous
distribution of chemicals and a relatively smooth
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Fig. 5.8 Cross section through hydrated MTA showing
(a) the surface area in contact with the fluid that was
strongly leached with no calcium hydroxide present and
the calcium silicate hydrate was strongly decalcified;
(b) less leaching evident in the region approximately

globular appearance. The surface of the MTA/
water was biphasic, containing large hexagonal
crystalline plates composed of calcium embedded
in a pool of globular crystals [60]. In addition, a
recent study investigating the setting of MTA
Angelus and ProRoot MTA in the presence of foe-
tal bovine serum demonstrated a lack of hydration
in contact with the solution [30]. The micro-hard-
ness of MTA was adversely affected when the
material was placed in contact with foetal bovine
serum [27]. The glucose leakage model was shown
to be inappropriate for use with MTA and related
materials as MTA reacts with the glucose thus pro-
ducing erroneous results for sealing ability [55].

5.2.13 Exposure to Air
and Distilled Water

The calcium hydroxide produced as a by-product
of hydration is susceptible to reaction when
exposed to air and water or other liquids. When
MTA is placed in water, it leaches calcium ions in
solution [7] and the surface is modified. When
viewed under the scanning electron microscope,
MTA pastes show patterns of leaching, which are
not uniform throughout the material surface. The
surface area in contact with the fluid is strongly
leached with no calcium hydroxide present and the
calcium silicate hydrate is substantially decalcified

200 pm from the surface. PC: cement particle; CH: cal-
cium hydroxide; C-S-H: calcium silicate hydrate; Bi: bis-
muth oxide (Reprinted with permission from Camilleri
[7]. © 2008 International Endodontic Journal)

(Fig. 5.8a). In the region approximately 200 pm
from the surface, the leaching is less evident
(Fig. 5.8b) [7]. Humidity significantly increased
the push-out strength of MTA fillings [19].

MTA immersed in saline solution exhibits no
crystalline deposits on its surface [4]. In distilled
water, the material surface exhibits cubic crystals
containing approximately 17 % calcium, 66 % oxy-
gen and 17 % carbon. Phase analysis has revealed
the presence of calcium hydroxide in the precipitate
as well as calcium carbonate [22]. The surface car-
bonation of MTA exposed to air in humid conditions
has not been well documented. This phenomenon is
well known in the concrete industry where concrete
structures undergo surface carbonation. Carbonation
occurs on the surface of a Portland cement-based
material when the carbon dioxide present in the air
reacts with the calcium hydroxide produced by the
cement with calcium carbonate being deposited over
the surface (Fig. 5.9). Clinically, this would imply
that the material surface is likely to be modified with
less calcium hydroxide being available for reaction
with tissue fluid. In summary, it is important to avoid
surface carbonation of MTA.

5.2.14 Storage Temperature

Set MTA surface hardness is affected by storage
temperature with lower temperatures leading to
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a decreased micro-hardness value. More voids
and a disorganised flake-like topography were
observed in specimens stored at 4 °C in com-
parison with those stored at 25 and 40 °C. Phase
analysis evaluated by X-ray diffraction revealed
differences in the material stored at low tem-
peratures [48] with a reduction in peak intensity
at 29.3° 26 using a copper tube. The reduction in
intensity was caused by a decreased amount of
calcium silicate hydrate since the hydration pro-
cess slows down at lower temperatures. Since

calcium silicate hydrate is amorphous, a reduc-
tion in peak intensity at 29.3° 26 would imply
hydration of the tricalcium silicate to calcium
silicate hydrate rather than the opposite.
A reduction in temperature would in fact slow
down the hydration process [15]. The slowing
down of hydration was evident from the absence
of the portlandite peak at 18° 26 which was not
reported by the authors [48]. The low tempera-
tures also reduced the production of calcium
hydroxide.

Fig.5.9 Scanning
electron micrographs
showing carbonation of
MTA surface. The calcium
carbonate deposited on
the material surface may
take various distinctive
shapes (a—f)
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Fig.5.9 (continued)
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Fig.5.9 (continued)
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Conclusions

Set mineral trioxide aggregate is composed
primarily of calcium silicate hydrate, cal-
cium hydroxide and bismuth oxide with some
minor inclusions of ettringite and monosul-
phate phases. Both the presence of calcium
hydroxide and bismuth oxide present in the
set material affect the reactivity of MTA. The
multifaceted clinical use of MTA brings the
material in contact with other materials used

in both Restorative Dentistry and Endodontics
together with the different environment it is
placed in during use, namely, blood and tissue
fluid when used as a root-end filling material
and the temperature and pH of the environ-
ment. MTA is adversely affected mostly by
the different environmental factors and con-
tact with dental materials exhibiting reduced
or incomplete hydration, increased porosity,
retardation of setting, reduced strength and
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micro-hardness and reduced sealing abil-
ity. In turn, MTA reduces dentine toughness
as it affects the integrity of the dentine col-
lagen matrix. The bismuth oxide causes both
material and tooth discolouration. MTA is
also adversely affected by materials used in
in vitro testing demonstrating retardation in
setting and surface carbonation.
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6.1 Introduction

Following the introduction of MTA in 1993, its
use has broadened considerably and is nowadays
used in several clinical situations in which cal-
cium hydroxide was employed. Initially, MTA
was employed in cases of root perforations and as
a retrograde filling material [82]; eventually,
other indications for the use of the material
evolved, and it is being used in cases of direct or
indirect pulp capping, pulpotomy, root perfora-
tion, repair internal and external root resorptions,
endodontic treatment, incomplete root formation,
apical plug, deciduous teeth, dens invaginatus,
and revascularization. For its effective use, it is
important to know the mechanism of action and
the correct way of employing the material.
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The mechanism of action of MTA is similar
to that of calcium hydroxide. The calcium
hydroxide produced as a by-product of hydra-
tion of MTA is leached out in solution and dis-
sociates into Ca** and OH~ ions. The Ca*™ ions,
when in contact with the connective tissue,
form an area of necrosis, forming carbon diox-
ide which in turn together with the calcium
hydroxide forms calcite crystals (calcium car-
bonate), which serve as the core of calcifica-
tion. The alkalinity of the medium stimulates
the tissue to secrete a glycoprotein named fibro-
nectin, which together with the calcite crystals
stimulate the formation of collagen type I,
which together with the calcium, induces
mineralization [43].

6.2 Mode of Use

6.2.1 Manipulation

MTA is mixed with distilled water in a 3:1 ratio.
The ratio can be changed according to the area
where the material will be utilized [32]. In the
pulp chamber, MTA may be mixed to a stiffer
mix, while in the root canal, where access is dif-
ficult, and it can also be more fluid (Fig. 6.1).

6.2.2 Insertion

The MTA should be inserted in place immedi-
ately after handling, avoiding its dehydration.
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A Lentulo spiral can be used for its insertion or 6.3  Clinical Applications of MTA
alternatively a micro amalgam carrier, gutta-

percha plugger, Map system, Dovgan applicator, The variety of MTA uses include:

or ultrasound (Fig. 6.2). (a) Direct or indirect pulp capping

(b) Pulpotomy

(c) Incomplete root formation

(d) Perforation

(e) Canal obturation

(f) Endodontic surgery

(g) Internal or external tooth resorption
(h) Root fracture

(i) Revascularization

6.3.1 Direct Pulp Capping

Direct pulp capping is performed when there is
accidental exposure of the pulp, with the goal of
maintaining pulp vitality and facilitating the for-
mation of mineralized tissue, thus sealing the
exposure.

Fig. 6.2 Insertion devices for MTA: (a) Lentulo spiral, (b) amalgam micro-carrier, (¢) MTA carrier, (d) gutta-percha
plugger, (e) chisel, (f) Map system, and (g) Dovgan applicator
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Fig. 6.3 Direct pulp capping with MTA

MTA used for direct pulp capping has exhibited
a similar or superior response to calcium hydrox-
ide, leading to formation of a mineralized barrier,
in addition to its sealing ability [1, 2, 21, 28, 41,
43,48, 58, 71,75, 83]. In one study [58], 69 direct
pulp protections performed with MTA and 53 with
calcium hydroxide were assessed, and a higher
success rate was demonstrated with MTA.

After confirmation of the exposure of the pulp
tissue and the conditions thereof, the cavity is
irrigated with saline solution to remove dentinal
pulp waste and achieve pulp hemostasis. The
MTA should be applied with care so as to not

06-02-06

compress the material into the pulp cavity. All
material that is on the surrounding walls should
be removed with a curette and the cavity sealed
with a restorative material (Fig. 6.3).

6.3.2 Pulpotomy

Pulpotomy involves the removal of the coronal
pulp, maintaining the radicular, and is indicated
when there is irreversible inflammation of the
coronal pulp, and particularly indicated in the
teeth with incomplete root formation.
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Fig. 6.4 Pulpotomy with MTA

In a histological study [41] where pulpotomy
procedures were performed on dog teeth, a better
dentine bridge formation occurred with cases
treated with MTA than in those where calcium
hydroxide was employed. Other authors also
confirmed the efficiency of the MTA in the pulp-
otomy procedure [11, 15, 41, 56, 74].

After the coronal opening, the coronal pulp is
removed with a curette, followed by irrigation
with saline solution. The MTA is placed over the
pulp tissue without pressure, at a thickness of
approximately 3 mm. Calcium hydroxide paste
can be placed over it, consistently well, and the
cavity closed with a restorative material (Fig. 6.4).
The calcium hydroxide paste is placed over the
MTA in order to avoid direct contact of the seal-
ant with the MTA, especially when the restora-
tion is performed in the same session.

The repair occurs by the formation of a miner-
alized tissue on the remaining radicular pulp
(Fig. 6.5).

6.3.3 Incomplete Root Formation

The tooth with incomplete root formation consti-
tutes a problem for endodontic treatment.
Because the apex is not completely formed, there
is difficulty in instrumentation and obturation of
the canal, and there is a great risk of extrusion of
material from the apical region. Apexification is
defined as a method to induce formation of the
mineralized barrier on the open root apex or the
continued apex development of the tooth.
Calcium hydroxide has been the material of
choice for this procedure with periodic changes
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Fig. 6.5 (a) Mineralized tissue formed after pulpotomy with MTA; (b) largest increase in the marked area

lasting from 5 to 20 months in order to induce the
formation of the mineralized barrier. The process
is slow with vulnerability to the temporary seal-
ing, with a possible occurrence of recontamina-
tion, tooth fracture, and an unpredictable outcome
[5, 6, 69]. For these reasons, apexification in one
or two sessions using MTA has been proposed
[61, 62], with the goal of a more rapid comple-
tion of the case.

After instrumentation of the canal, the MTA is
placed in small portions in the apical region with
the aid of a Lentulo spiral. The Map system or
Dovgan applicator is used to obtain the apical
plug which must be 3-5 mm (ideally 5 mm).
With a K file or Hedstrom file wrapped in cotton
compatible with the canal size, the vertical com-
paction of the MTA is performed. Alternatively,
the compaction can be performed with a gutta-
percha plugger. The radiograph is taken to con-
firm the presence of the apical plug, and if it is
not satisfactory, the MTA is removed by irriga-
tion with saline solution and the procedure is
repeated. The canal obturation follows with
gutta-percha and sealer. If the obturation is not
performed in the same session, the canal can be
filled with a slurry of calcium hydroxide dressing
which remains as a temporary dressing for a
maximum of 30 days (Fig. 6.6).

A success rate of 90 % was observed when the
MTA apical plug was placed via the canal [59,
61]. Other studies have also observed a complete
root formation in the teeth with open apices
treated with MTA [4, 24, 25, 27, 30, 35, 38, 44,
49, 55, 61, 63, 77, 78].

The apical plug can also be placed by com-
pletely filling the canal with MTA to then imme-
diately removing it to the desired length with a K
file, leaving only the part corresponding to the
apical plug. Next, with a K file wrapped in cot-
ton, the MTA is compacted (Fig. 6.7). All the
material that is on the walls of the canal should be
removed in the same session that the MTA is
inserted in the canal as after it sets MTA is diffi-
cult and sometimes impossible to remove. The
apical plug should ideally be 5 mm [84] and may
be greater depending on the foramen opening of
the root.

If the apical plug provides adequate resis-
tance, the obturation of the canal could be done in
the same session; otherwise the remainder of the
canal should be filled with calcium hydroxide
paste, leaving the obturation to be completed in
successive treatment session when the MTA set-
ting is complete (Figs. 6.8 and 6.9).

If the foraminal opening is too wide, extrusion
of the MTA from the periapical region can occur,
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Fig. 6.6 Fabricating the
apical plug with the aid of
a Lentulo spiral and
endodontic file. (a) Tooth
with incomplete apices;
(b) Insertion of MTA;

(¢) Compactation of MTA;
(d) Tooth with MTA in the
apical portion; (e) Filling
the other canal portions
with callcium hydroxide;
(f) Tooth with the canal
filled with MTA and
calcium hydroxide paste
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Fig. 6.7 Fabricating the apical “plug” by filling the entire

MTA; (e-g) remotion of the MTA in the cervical and
canal with MTA and then adjusting the desired length medium portion of the canal; (h) Tooth with the apical

with a file. (a—d) Sequence of entire root canal filled with  portion filled with MTA
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Fig. 6.9 (a) Mineralized tissue formed at the apex of a tooth with incomplete root formation, treated with MTA;

(b) largest increase in the marked area

which is not recommended [19, 34, 39, 59, 65].
Placement of a matrix (barrier) of calcium
hydroxide, calcium sulfate, or collagen to mini-
mize the extrusion of material into the periapical
tissues has been recommended [19, 34]. The
extra root matrix (barrier), aside from preventing
extrusion of the MTA, prevents contact with tis-
sue fluids or blood during its insertion (Fig. 6.10).
These materials are easy to use, are well tolerated
by the periodontal tissues, provide a dry field
against which the MTA will condensate, and are
reabsorbed in a few days, without interfering
with the repair process in the region.

After instrumentation of the canal, the matrix
material is brought to the apical region via the

canal using a gutta-percha plugger compatible
with the diameter of the canal. After the insertion
of the apical matrix, the MTA is introduced in the
canal with the aid of a Lentulo spiral, Map sys-
tem, or Dovgan applicator obtaining the apical
plug. A root canal filling composed of gutta-
percha and sealer completes the final obturation
(Figs. 6.11 and 6.12).

6.3.4 Root Perforation

Root perforation is a common accident occurring
during endodontic treatment, resulting in a com-
munication between the pulp cavity and the
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Fig.6.10 Materials used for extra root matrix (barrier): (a) calcium hydroxide, (b) calcium sulfate, and (¢) hemostatic
collagen
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Fig.6.11 Fabrication of the extra root apical matrix (bar-
rier) with collagen: (A) matrix, (B) MTA, and (C) canal
obturation. (a—d) Insertion of the collagen matrix in the

periodontium and can occur at any stage of treat-
ment and can be located at the level of the pulp
chamber and root canal.

The repair of the root perforation occurs with
the formation of a mineralized tissue sealing
itself, the neoformation of bone tissue, and peri-
odontal ligament reinsertion (Fig. 6.13)

Root perforations have classically been treated
using calcium hydroxide, but the large perforations
did not respond well to this treatment. With the
introduction of MTA, this treatment has become
easier and faster, and with predictable results even
in large perforations [3, 8, 10, 20, 31, 36-38, 40,
47,52, 54,57, 60, 76, 87].

The successful treatment of a root perforation
depends on factors such as level, location, size,

periapical tissue; (e~h) Insertion of the MTA in the apical
portion and obturation of the remaining portion of
the canal

and presence or absence of contamination. The
root perforation treatment with MTA or with cal-
cium hydroxide is indicated in the intra-osseous
perforations.

When the root perforation occurs, the sooner
the treatment is carried out, the greater is the likeli-
hood of success. The root perforation at the level
of the pulp chamber is irrigated with saline solu-
tion to clean and control bleeding in order to apply
the MTA. A sufficient amount of material is
required to seal the root perforation with the gutta-
percha plugger. If the tooth is exposed and the root
perforation is contaminated, it is important to
insert an antiseptic medication before sealing the
tooth; in the second session, the medication is
removed, and the chamber is irrigated by inserting
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Fig. 6.12 Fabrication of the apical collagen matrix for placement of MTA in the teeth with incomplete root
formation

a calcium hydroxide paste in the root perforation,
followed by inserting MTA in the third session.

If the root perforation is intra-canal, after
instrumentation, it is filled with calcium hydrox-
ide paste. In the second session, the calcium
hydroxide is removed from the canal, hence pro-
ceeding with obturation. The obturation is imme-
diately cut to expose the root perforation,
proceeding with the sealing with MTA (Fig. 6.14).

Extrusion of the MTA may occur if the root
perforation is too large, hindering its resorption
and repair area. In this case, it is convenient to
make use of the extra root barrier with calcium
hydroxide, calcium sulfate, and collagen, which
must be placed, via the root perforation in the
bone cavity ahead of the MTA. The excess barrier
material is removed from the path of the root per-
foration with a K file, compatible with the diam-
eter of the root perforation, followed by insertion
of MTA (Figs. 6.15 and 6.16). The importance of
the use of the matrix was highlighted by some
authors [3, 10, 20, 39, 47, 76].

6.3.5 Canal Obturation

During the root canal preparation, over-
instrumentation can occur which may favor the
occurrence of over-obturation. In this situation,
MTA can be used as an apical plug, with a similar
way to the method described for the tooth with
incomplete root formation. The larger the size of
the instrument past the apex, the greater should
be the thickness of the apical plug [23].

After the canal preparation, the apical plug is
fabricated with the MTA, inserting it only in the
apical region or alternatively completely filling
the root canal with the MTA, to then remove part
of it, leaving only the portion corresponding to
the apical plug (Fig. 6.17), which must be at least
3 mm thick [4, 23, 51, 69].

The root canal filling can be done in the same
session or on a consecutive visit, depending on
the consistency and strength of the apical plug.
During the obturation, the cone should be well
adjusted to the canal, so as not to exert strong
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Fig. 6.13 Microscopic
aspects of the repair of root
perforations treated with
MTA (white arrow)

pressure on the apical plug during the obturation,
leading to leakage of the material (Fig. 6.18).

The canal can also be obturated with gutta-
percha and cement-based MTA, such as MTA
Fillapex. MTA has been shown to be effective in
the physical and biological point of views when
used in the obturation of the root canal with or
without gutta-percha [42, 86].

6.3.6 Endodontic Surgery

When endodontic treatment fails or retreatment
is not possible, endodontic surgery is indicated.
Among the different types of surgery is the retro-
grade filling, which consists of the preparation of
an apical cavity and its filling with retro-
obturation material. The MTA is highly indicated



6 Clinical Applications

15

Fig.6.14 Root perforations sealed with MTA: (a) upper lateral incisor; (b) lower premolar. Observe the repaired area

for retrograde filling [7, 9, 13, 16, 22, 26, 51, 72,
79-82].

The retro apical cavity is prepared with ultra-
sound, trying to follow the direction of the canal,
with a depth of 3-5 mm, maintaining retention
and regularity. The MTA should have a consis-
tency that facilitates its insertion into the cavity
by means of a Lucas curette, Map system, or
Dovgan applicator.

After placement of the MTA, the surgical
wound should not be irrigated, since this can
result in dislodgement of the material from the
retro-cavity. Excess material should be removed
with Gracey or Lucas curettes or gauze moist-
ened with saline solution (Fig. 6.19).

6.3.7 Tooth Resorption

External or internal tooth resorption is a multifac-
torial pathology and may be caused by pulp
necrosis, dental trauma, orthodontic tooth move-
ment, tooth whitening, and more. The internal
and external resorption can cause communication
of the canal with the periodontium, and in this
case, the treatment is more difficult with a doubt-
ful prognosis.

The resorption has classically been treated
with calcium hydroxide, and more recently with
MTA [45, 68]. If the internal resorption is perfo-
rated and there is invaginated tissue, it is removed
with a K file with its tip bent, followed by irrigation
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Fig. 6.15 Fabrication of the calcium sulfate matrix and MTA in the root perforation. (a—c) Confection of the matrix
with calcium sulphate in the furcal region; (d—f) Insertion of MTA in the furcal perforation

with sodium hypochlorite solution. It is impor- 6.3.8 Root Fractures

tant to use a dressing with calcium hydroxide,

until all the invaginated tissue is totally elimi- Dental fractures with a traumatic etiology can
nated. The MTA is delivered to the canal with a occur in the crown, root, or crown/root. When in
Lentulo spiral, Map system, or Dovgan applica- the root, it can be vertical or transversal, and the
tor, filling the entire area of resorption (Fig. 6.20).  vertical fracture presents a very poor prognosis.
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Fig.6.16 Root perforation treatment with the calcium sulfate matrix and MTA

The transversal, depending on their location
(cervical, middle, and apical), can have a success
outcome in the treatment. The root fracture
located in the cervical and middle thirds causes
difficulty for treatment because it is difficult for
dental immobilization, leading to injury or even
preventing the consolidation of the fragments.

For these cases, it is possible to strengthen the
tooth with an intra-canal pin cemented with
MTA [18].

The canal is instrumented, and then an apical
plug with MTA is performed. A metal pin is
selected in order to remain adjusted in the canal,
which is filled with MTA, seating the pin inside.
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Fig.6.17 Fabrication of
the apical plug with MTA
in an over-instrumented
canal. (a—d) Root canal
preparation and obturation
wth MTA; (e-h) Remotion
of MTA in the cervical and
medium portions of the
root canal and insertion of
a gutta-percha cone
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Fig.6.18 Apical plug
with MTA and obturation
of the canal with gutta-
percha and sealer

Thus, there is reinforcement for the root, prevent-
ing mobility of the coronary segment (Fig. 6.21).

6.3.8.1 Other Applications
In addition to the applications mentioned above,
MTA can also be used in other clinical situations,
such as dens invaginatus, maintenance of the pri-
mary teeth, reimplantation, and more recently
revascularization.

The dens invaginatus is a developmental
anomaly of the tooth, modifying both the crown
and the tooth root, complicating endodontic

05-04-2005

treatment [46, 66]. It is more frequent in the max-
illary lateral incisor, and can also be found in
other teeth. The invagination caused by dens
invaginatus may reach different root thirds, hav-
ing been classified by Oehler [66] as type I, cervi-
cal third; II, middle third; and III, apical third.
This invagination can communicate with the pulp
cavity, compromising the pulp and leading to the
periapical lesion. Treatment of dens invaginatus
may be prophylactic, conventional endodontic
treatment, endodontic surgery, or an association
of the latter. Management of dens invaginatus
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Fig. 6.19 Retrograde filling in the maxillary central incisor with the use of MTA

types I and II, when the apex is still open, can be
performed with an apical plug with MTA and the
root canal filling with gutta-percha and sealer
(Fig. 6.22) or, in a more complex situation, filling
the whole canal with MTA [34, 50, 53].

MTA can also be used when the primary tooth
does not have its permanent successor and needs
to be kept in the mouth to maintain the patient’s
occlusal harmony. After instrumentation, irriga-
tion, and medication of the canal, it is completely
filled with MTA avoiding the extrusion of mate-
rial to the periapical region (Fig. 6.23). MTA has
been used in the maintenance of the primary
teeth [67].

Dental trauma may also result in tooth avul-
sion, which often leads to resorption and tooth

loss. An alternative treatment is the filling of the
entire canal with MTA [70], with the goal of con-
tinuing root formation and maintenance of the
tooth (Fig. 6.24).

In 1971, Nygaard-Ostby [64] proposed a pro-
cedure for the teeth with necrotic pulps which
consisted in promoting the filling of the canal
with blood, inducing clot formation and a new
pulp tissue. The advantage of this procedure was
to promote a root complement and the deposition
of mineralized tissue on the walls of the canals,
making the teeth more resistant.

For many years, this treatment was forgot-
ten and recently returned to be utilized, espe-
cially in the teeth with incomplete root
formation and pulp necrosis, being named
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Fig.6.20 Apical
resorption treated with
MTA

06-03-2001

revascularization or regenerative endodontic
procedure [17, 33, 73].

After the instrumentation and medication of
the canal (tri-antibiotic or calcium hydroxide
pastes), the foramen is exceeded in order to
obtain the bleeding to fill the canal. With a cot-
ton ball, the blood is compressed, typically in the

22-07-1998

02-03-2006

cervical level, until the clot is obtained. The
MTA plug is fabricated on top of this, sealing the
tooth with a glass ionomer (Fig. 6.25). Clinical
controls and radiographs demonstrate the com-
pleted root formation as well as the mineralized
tissue formed by decreasing the diameter of the
canal.
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Fig.6.21 Treatment of root fracture with MTA, reinforced with an intra-canal pin

09:04-2003 30-11-2003 26-10.05

Fig.6.22 Dens invaginatus treated with an MTA apical “plug” and canal obturation with gutta-percha and sealer
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Fig. 6.23 Maintenance of the primary tooth with the canal filled with MTA
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Fig.6.24 Avulsed and reimplanted incisor and the canal filled with MTA (Images courtesy of Luiz Gonzales Navarro)



6 Clinical Applications 125

11-07-2013

Conclusions When using MTA, it is important to note
MTA was introduced in dentistry, initially for the following requirements:

the treatment of perforations and dental and (a) Following the powder-liquid ratio recom-
endodontic surgery due to its physicochemical mended by the manufacturer, it can be
and biological properties. It came to be used changed slightly to achieve the proper
for the same indications where calcium consistency depending on where the mate-
hydroxide was once used, but with greater rial will be used in the pulp chamber, the
advantages. To be performed successfully, the canal, or endodontic surgery. A too thick
correct diagnosis is important for these treat- or too fluid consistency makes the mate-
ment modalities, thereby instituting the plan- rial difficult to work with.

ning and appropriate treatment for each (b) Small leakage of the material for the peri-

q,

09-12-2012

12-10-2012

Fig. 6.25 Revascularization with the use of MTA

clinical situation. odontium is reabsorbed, but large amounts
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should be avoided because the material
can harden, hindering its resorption by
interfering in the repair process.

When there is a risk of extravasation
(drilling on instrumentation, incomplete
apex, apical resorption, dens invaginatus),
it is advisable to use the extra root matrix
with calcium hydroxide, calcium sulfate,
or collagen before the use of MTA.

MTA can discolor the tooth by the function
of the cement components, the contamina-
tion by blood or contact with photoactivated
resin. Leaving the MTA in the pulp cham-
ber should be avoided, mainly in the ante-
rior teeth, and placement of a restorative
material on the MTA is recommended.
MTA can harden if it remains in the canal
in an unwanted area, making it difficult or
even impossible to remove, so any waste
material must be removed immediately.
In the retrograde filling, the excess MTA
must be removed by means of a curette or
gauze moistened with saline solution. The
use of irrigation is not recommended
because it washes out all the material,
including that present in the retrograde
cavity.

The use of the microscope facilitates the
visualization of the correct placement of
the MTA and the surgical procedures.

(h) MTA can be inserted at the desired loca-
tion through the amalgam micro-carrier or
instruments developed for this purpose
(Map system, Dovgan, Messinger, MTA-
Angelus applicator) greatly facilitating its
placement.

Ultrasound provides a better adaptation
for the MTA plug.

(©)
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(e)
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Material Modifications
and Related Materials

Jamileh Ghoddusi

7.1  Introduction

During the past decades, the introduction of bio-
compatible sealing materials has facilitated per-
forming an effective and efficient endodontic
procedure. Although this revolutionary phase has
not necessarily made endodontic treatment easy,
better materials and improved technology have
enabled the clinician to provide a better treatment
in a wide range of complicated cases.

Since 1993, the basic principles of endodontic
therapy have been strictly followed, and intro-
duction of mineral trioxide aggregate (MTA)
[110] maximizes the predictability of optimal
treatment outcomes in compromised cases such
as sealing the open apex or perforated area, retro-
grade filling, and also covering the vital pulp tis-
sue during the endodontic procedure [72].

However, it should be noted that MTA has
some drawbacks that have made it difficult to use
in some cases. A questionnaire-based study [64]
on postgraduate students in operative dentistry
in the UK revealed that factors preventing the
use of MTA in permanent and primary dentition
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are related to the material cost and the lack of
evidence, respectively.

Another survey conducted in Turkey among
the senior members of the endodontic depart-
ments of fourteen dental schools revealed that
they used MTA in their clinical practice, apexifi-
cation, perforations, retrograde fillings, and root
resorption as the most common treatment proce-
dure. Financial limitation was the main reason
for negative responses, followed by other factors
such as the difficult handling properties and low
radiopacity of the material [158].

MTA has been used for several applications
such as root perforation repair, root-end filling,
and vital pulp therapy and as an apical plug; there-
fore, its essential properties for each treatment are
expected to be different. For example, serving as
a suitable retrograde filling material, apical plug,
and perforation repair materials requires intimate
sealing capacity, insolubility, biocompatibility,
and promotion of tissue regeneration without pro-
voking inflammation and mechanical strength; the
latter however will not be an important factor for
capping materials in vital pulp therapies.

To improve the undesirable properties of MTA
(i.e., setting time, handling, antibacterial effect,
discoloration), researchers have attempted to add
some materials to its formulation. As some of the
essential properties of MTA have been negatively
changed, it is important to note that for gaining a
suitable modification, all essential properties of the
new material should be taken into consideration.
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7.2 Modifications A novel cement Proto A was produced by

inter-grinding the cement clinker without gyp-
7.2.1 Improving the Setting Time sum and mixing it with water and superplasti-

The materials used in oral cavity should ideally
have a rather short setting time to avoid being
washed away by saliva and to reduce the possi-
bility of the unset materials present in the mouth
which may cause oral tissue irritation [2]. Being
very grainy and having a poor consistency make
it difficult to use MTA in some of the clinical
applications. Unfortunately, MTA is assumed as
a difficult material to handle because of its granu-
lar consistency [106], slow setting time [44], and
low compressive strength [67, 106] compared to
other materials and being loose early after mix-
ing [162]. To improve its application in endodon-
tics, the development of a new formulation(s) of
MTA is necessary to optimize both the strength
and the setting time without compromising its
other advantages [31].

Kao et al. [100] used reagent grade SiO,, CaO,
and Al,O; powders as matrix materials and MgO,
ZnO, and Fe,O; powders as additives to produce
an MTA-like cement. These cements exhibited
a significantly faster setting time (14 min) than
MTA when mixed with water, although there
was a significant decrease in diametric tensile
strength, ranging from 0.9 to 3.1 MPa in com-
parison with MTA (4.4 MPa). The addition of
Zn0O, MgO, and Fe,0; to the MTA-like cement
led to significantly higher strength compared to
the original MTA. The pH values of the MTA-
like cements were changed from 11 to 13, similar
to the results obtained with MTA.

7.2.1.1 Excluding the Gypsum

In industry, the setting time of the Portland
cement is modified at the end stage of the manu-
facturing process by grinding the cement with
calcium sulfate (gypsum). All dental materials
using Portland cement as the main cementitious
phase will thus include some gypsum in the for-
mulation. This inadvertently retards the material
set. Removal of the gypsum results in a flash
set, which may be controlled by the application
of a superplasticizing admixture to increase the
effectiveness of the material.

cizer. It has been shown that both Proto A and
MTA were made from similar constituent ele-
ments and phases, namely, tricalcium and dical-
cium silicate. The setting time of a Portland
cement may be reduced by excluding the gyp-
sum during the final stage of the manufacturing
process without affecting its other properties.
The new prototype cement has improved work-
ability and a reduced setting time. This could
reduce a chairside time and the number of visits
[32]. A new technique for biocompatibility
evaluation was employed for testing of these
new prototypes [44]. The biocompatibility of
the test materials was assessed by a direct test
method using Alamar Blue dye, which quantita-
tively evaluated the cell viability. Indirect test
method was also used for evaluation of cells
grown on material elution. The results showed
the presence of no toxic leachable substances
from the experimental materials. Cell growth
was poor when seeded in direct contact with
cements. Both cements were shown to have sim-
ilar biocompatibility.

7.2.1.2 Addition of Calcium Aluminate
Mixtures of calcium aluminate cement and
Portland cement result in a fast setting mate-
rial with an associated reduction in compres-
sive strength of the resultant material [43]. The
compressive strength and setting time can be
improved by adding calcium sulfate in the anhy-
drous form to the mixture of Portland cement
and calcium aluminate cement thus creating a
calcium sulfoaluminate. The physical properties
and handling properties can be improved fur-
ther by a reduction in the water to cement ratio.
This is achieved through an application of the
superplasticizing admixture. The physical and
mechanical properties of two experimental types
of Portland cement (calcium sulfoaluminate and
calcium flouro-aluminate cement) when mixed
with the superplasticizer were compared [31].
They showed satisfactory setting times and com-
pressive strength values in comparison with glass
ionomer cement.
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7.2.1.3 Hydration Accelerators

Many studies have been conducted on CaCl, as a
hydration accelerator mixed with MTA. A dental
Portland cement accelerated with calcium chlo-
ride was initially introduced by Aquilina in 1999
at Guy’s Hospital, London. This was followed by
an investigation to evaluate the biocompatibility
of the accelerated Portland cement [2]. An addi-
tion of 10 or 15 % CaCl, to the Portland cement as
an accelerant has no adverse effect on the biocom-
patibility of MTA mixture. This study indicated
that acceleration of Portland cement by adding the
CaCl, stimulates the proliferation of SaOS-2 cells
in vitro and actively supports a biological response
in these cells through the production of cytokines
like IL-1p, IL-6, IL-18, and osteocalcin. Many
researchers have shown that modified ProRoot
MTA has lower setting time [6, 18, 109, 173] and
better handling, but lower compressive strength
[106, 109] in comparison with unmodified MTA.
Improvement in the sealing ability of the MTA
and Portland cement mixed with calcium chloride
has also been demonstrated [25, 90].

Some researchers used calcium nitrate and
calcium formate as an accelerator mixed with the
MTA and gained similar findings [173]. One of
the most important criteria for using materials
in contact with human tissues is biocompatibil-
ity. The biocompatibility of the MTA mixed with
calcium chloride, calcium nitrate, or calcium for-
mate was assessed, and these accelerators may be
a biocompatible alternative when a rapid set is
indicated [118]. The addition of calcium chloride
to the MTA did not change the biological proper-
ties in the formation of mineralized barrier after
pulpotomy [24]. Conversely, other researchers
demonstrated that the addition of CaCl, to MTA
as a pulp capping biomaterial has a deteriorating
effect on calcific bridge formation, inflammation,
and necrosis in dogs’ teeth [134].

The early application of the endodontic irrig-
ants may weaken the bond strength in the inter-
face between accelerated MTA and dentin [91].
Therefore, after using MTA mixed with CaCl,
for perforation repair, its exposure to the NaOCl
irrigation during early setting phase caused an
improvement in the push-out strength of the
accelerated MTA and an increase in formation

of calcium hydroxide crystals on the surface of
accelerated MTA.

Calcium lactate gluconate (CLG) has also
been mixed with MTA in order to improve the
setting time and handling properties. A reduced
setting time, inferior compressive strength,
and lower pH in MTA mixed with CLG [109]
were reported, although its sealing ability was
improved [92] and adequate biocompatibility
[98] was observed. The biocompatibility of MTA
mixed with different hydration accelerators such
as calcium chloride, calcium lactate gluconate,
and citric acid was assessed [99]. The most favor-
able biocompatibility was observed in 0.1 wt%
citric acid group. In addition, 10 wt% CaCl,
showed poor cell viability and indicated less cell
attachment in SEM evaluation.

In other studies, disodium hydrogen orthophos-
phate (Na,HPO,) was used instead of water to be
mixed with MTA [56, 93]. A significant reduction
in the setting time (26 min) was shown when 15 %
Na,HPO, was added to the MTA without adverse
effects on the diametric tensile strength. Ding et al.
[56] observed biocompatibility of Na,HPO, solu-
tion mixed MTA on L1929 cells.

For increasing the working time of MTA,
some researchers added an alternative deliv-
ery vehicle, KY Jelly (Johnson and Johnson,
New Brunswick, NJ) [106]. Its cellular toxic-
ity appears to be acceptable [102]; however, the
most important issue that needs to be ruled out is
whether this composition offers suitable biologi-
cal activity for routine clinical use. To date, no
documents have supported other important prop-
erties of this material.

7.2.1.4 Finer Particle Size Modification

A novel mineral trioxide aggregate (MTA Plus;
Avalon Biomed Inc., Bradenton, FL., USA) has
been introduced which has a similar composi-
tion to MTA but is ground finer; thus, the mate-
rial has a higher specific surface area [39]. MTA
Plus is provided with either a hydrosoluble gel
or water ampoules for mixing. When used with
anti-washout gel, its washout was reduced [65].
The high specific surface area increases the
rate of reaction but does not necessarily reduce
the setting time. The high rate of reaction was



134

J. Ghoddusi

demonstrated by an increased release of calcium
hydroxide in solution [39].

A new version of MTA has been patented in
the USA and claimed to set faster with acceptable
resistance to acidic environmental conditions by
adding a small amount of strontium and reduc-
ing the particle size (US Patent application No.
13/211.880). Based on previous investigations
[145-147], the nano-modification of the MTA
with nanoparticles of strontium has resulted
in reduction in the setting time and the surface
porosity and increase in acid resistance, micro-
hardness, and compressive strength.

7.2.2 Handling Improvement

The hardened MTA mixture is influenced by
several factors: quantity of water during mixing,
the procedure for mixing, pressure used for com-
paction, environment humidity, and temperature
[162]. Many clinicians subjectively have reported
that the handling properties of MTA are not ideal
thus creating an apical plug, or perforation repair
and obturation of the tooth in a single visit were
not possible [5].

MTA is difficult to manipulate due to its dry
consistency [30]. To improve this consistency,
propylene glycol has been proposed and added
to MTA Angelus [57]. The mixture of MTA with
the ratio of 80 % distilled water and 20 % pro-
pylene glycol is favorable, but increasing the
PG proportion interfered with setting time. The
effect(s) of using the volume of 100 % on setting
time has yet to be observed.

7.2.3 Enhancement of the
Antibacterial Properties

The antibacterial and antifungal properties of the
MTA have been extensively evaluated and con-
flicting results have been reported [62, 89, 121,
155, 163, 176, 180]. Several investigations
reported that MTA has limited antimicrobial effect
against some microorganisms [62, 121, 176].
MTA has an antibacterial effect on some faculta-
tive bacteria and no effect on any species of strict

anaerobes [163]. To enhance the antimicrobial
properties of MTA, some investigators replaced
distilled water with some antimicrobial reagents
such as chlorhexidine [86, 89, 106, 120, 152, 155,
156, 174], iodoform [52, 144], sodium hypochlo-
rite [97, 106, 174], and silver zeolite [129].

Although many studies showed that substituting
0.12 % chlorhexidine gluconate with water
enhanced the antimicrobial properties of MTA
[120, 155], it should be noted that this mixture may
cause cell apoptosis [86] and a decrease in the com-
pressive strength of MTA [89]. Conversely, the
implantation of a mixture of MTA and chlorhexi-
dine subcutaneously resulted in no adverse effect
on the tissue response [156]. In addition, MTA
mixed with chlorhexidine leads to antibacterial
effects against E. faecalis for at least 48 h [120].

The use of 3 % NaOCl gel mixed MTA resulted
in freshly mixed MTA having a lower cell viabil-
ity than the set one [97]. Iodoform in combination
with MTA has been used for enhancing the anti-
bacterial effect and showed no improvement in
antimicrobial properties of MTA [144]. No sig-
nificant difference in inflammatory tissue
responses between MTA and Portland cement
when mixed with iodoform was observed [52].

According to the results of the aforementioned
investigations, it seems that improving selective
properties of MTA such as setting time and anti-
bacterial properties, by adding some liquids, may
adversely affect other advantages of the material.
New compositions of MTA should be evaluated
comprehensively before their recommendation
for clinical application.

7.2.4 Reducing the Discoloration

Although white MTA was developed to solve the
problem of tooth discoloration produced by gray
MTA, several studies have reported tooth discolor-
ation after using both kinds of MTA [27, 96, 101,
135, 166]. This effect limits the application of
MTA in aesthetically sensitive areas for treatment
of perforations, pulp capping, and pulpotomy and
as an apical barrier recommended to seal the den-
tinal tubules by dentin bonding agents before
using both types of MTA is recommended to
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prevent further tooth discoloration [4]. Removing
the discolored dentin and internal bleaching has
also been recommended to improve the aesthetic
following the use of MTAs [17].

7.2.5 Elimination of the Heavy
Metals

A major concern regarding the use of cements
like MTA which are made from naturally occur-
ring minerals is the amount of leachable arsenic
and lead present in material components.
According to the ISO 9917, the leachable lead
and arsenic must be less than 100 and 2 ppm,
respectively [140]. Many researchers [54, 58,
117] reported that MTA and Portland cement dis-
played very low amount of arsenic release; hence,
no contraindication was demonstrated for its use
in clinical practice regarding the presence of this
chemical element. It has been recommended to
use in a very small amount, e.g., less than 1 g, in
clinical endodontic procedure [123]. Thus, the
recorded amount of 34.27 mg arsenic per kilo-
gram of material for gray Portland cement leads
to 34.27 pg of arsenic per gram of MTA cement
which is less than the toxic dose (140-210 mg for
an individual weighing 70 kg).

A water-based cement labeled as MTA Bio
(Angelus, Londrina, PR, Brazil) has been mar-
keted with the aim of avoiding the presence of
arsenic and lead. MTA Bio have been claimed to
be fully synthesized in a laboratory under con-
trolled, clean, and segregated conditions to ensure
that the final product is free of contamination.
According to the manufacturer, as a consequence
of high-quality control of the cement production,
the final cement is free of undesirable contami-
nant substances, in particular, arsenic. Compared
to the original MTA, its similar sealing ability
[55], shorter setting time [169], and low cyto-
toxic effects [113] on cultures of odontoblast-like
cells have been demonstrated.

Novel formulations of root-end filling materials
are based mostly on tricalcium silicate. Tricalcium
silicate cement exhibited a similar microstructure
and hydration characteristics to Portland cement
[36]. Tricalcium silicate cement and materials

based on this latter cement, namely, Biodentine
and Bioaggregate, exhibited a low-level release of
acid-extractable trace elements [42]. Thus, trical-
cium silicate can be a suitable substitution to the
Portland component in MTA.

7.2.6 Light-Curable MTA-Like
Materials

The use of a number of resin systems has been
reported with the main ones being light-curing
systems Bis-GMA and a biocompatible resin [73,
74]; 2-hydroxyethyl methacrylate (HEMA), tet-
raethylene glycol dimethacrylate (TEGDMA),
camphorquinone, and ethyl-4-(dimethylamino)
benzoate (EDMAB) and with and without poly-
acrylic co-maleic acid [69, 70]; Bis-GMA and
TEGDMA [66]; and Bis-GMA, pyromellitic acid
diethylmethacrylate (PMDM), and HEMA [141].
The light-curing systems proposed so far have
exhibited alkalinizing pH, calcium ion release,
formation of apatite [66, 69], and functional
groups able to chelate calcium ions [69].
Furthermore, therapeutic remineralization of
dentin was observed [69, 70, 141, 150]. The
light-cure MTA was well accepted by the alveo-
lar tissue of rats, with the formation of mineral-
ized tissue close to the materials [74]. It presented
a moderate chronic inflammatory response at 30
days that decreased at 60 days but was more
intense than with MTA Angelus and without dys-
trophic calcifications. It was possible to conclude
that light-cure MTA was similar to MTA at 60
days, but it did not stimulate mineralization [73].
Regardless the calcium-releasing ability and the
bioactivity, little or no hydration was exhibited
by resin-modified MTA. Reaction rims around
the cement particles were absent, and the forma-
tion and leaching of calcium hydroxide was
shown to be negligible [66].

7.2.7 Replacement the Radiopacifiers
Bismuth oxide was added in 1:4 proportions as

radiopacifier to the MTA so the material could
easily be distinguished from the surrounding
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anatomical structures on a radiograph. Bismuth
oxide in MTA does not act as inert material. The
bismuth replaces the silicon in the calcium silicate
structure [33]. Furthermore, only 8 % of bismuth
in the oxide form was present in the set material,
while the un-hydrated MTA presented 21.6 %
bismuth oxide. Leaching in increasing amounts
was also shown for bismuth in ProRoot MTA
[33]. Studies reported that the cytotoxicity of
Portland cement containing bismuth oxide (BPC)
was higher than that of PC after a short-term cul-
ture period of 1 day, whereas this cytotoxic effect
was recovered during the long-term culturing
[119]. Bismuth oxide induces cell death [45]. On
the contrary, other researchers showed that BPC
exhibited greater radiopacity and similar biocom-
patibility to PC in human periodontal ligament
cells [105]. Bismuth oxide is used in a number
of dental materials particularly root canal sealers.
It has always been associated with tooth discol-
oration. Reports of discoloration of MTA with
resultant tooth discoloration are found in the liter-
ature. The discoloration of MTA has been associ-
ated with a lack of oxygen in the root canal [166,
167] and also as a result of reaction with sodium
hypochlorite used for root canal irrigation [38].
The bismuth oxide in MTA can be replaced
by other radiopacifying materials. Ideally, an
alternative radiopacifier should only impart the
necessary radiopacity to the cement and should
be inert, free from any contaminants, colorless,
and nontoxic and be added in minimal amounts.
Addition of gold powder, silver/tin alloy [40],
barium sulfate [26, 40, 95], iodoform [26], zir-
conium oxide [26, 49], zinc oxide [40, 95], lead
oxide, bismuth subnitrate, bismuth carbonate,
and calcium tungstate [95] results in a radiopac-
ity value of more than 3 mm of the aluminum
scale. The gold powder was completely inert and
was not leached out in solution [35]. The main
disadvantages with using gold to replace the
bismuth oxide in MTA include the cost of the
gold and also the resultant color of the cement
imparted by the gold. A filler loading of 30 %
zirconium oxide to Portland cement mixed at a
water to cement proportion of 0.3 resulted in a
material with comparable properties to mineral
trioxide aggregate. Addition of zirconium oxide

powder as radiopacifying material did not seem
to affect the compressive strength of the resultant
material [49].

7.3  Related Materials

Root-end filling material is placed in contact with
the periradicular tissue and thus requires biocom-
patibility as its main property. Therefore, an ideal
root-end filling material should be nontoxic, non-
carcinogenic, biocompatible with the host tissue,
dimensionally stable, insoluble in tissue fluids,
antibacterial, radiopaque, easy to manipulate,
have adequate working time with fast setting
time, and adhere to the tooth structure.

Some examples of the endodontic materi-
als are gutta-percha, zinc oxide eugenol-based
cements, composite resin, glass ionomer cements,
gold foil, polycarboxylate cements, polyvinyl
cements, and amalgam. Unfortunately, most of
them have shown different levels of weakness
in biocompatibility, leakage, solubility, handling
properties, moisture incompatibility, and cost.

Although nowadays MTA has been thor-
oughly examined and revealed promising results,
the ideal root-end filling material has yet to be
found. New materials have claimed to have all
the advantages of MTA without any of its draw-
backs. More evidence is required to support these
materials as an improved MTA or as its new alter-
natives. In this section, new products with new
formulation, with similar application to MTA, are
discussed (summarized in Table 7.1). According
to the findings from Owadally and Pitt Ford’s
investigation [132], newly formulated products
should be evaluated to determine whether they
have compatible properties even when the major-
ity of its constituents are similar to those of MTA.

7.3.1 Tricalcium Silicate-Based

Endodontic Repair Cements

7.3.1.1 Bioaggregate

Bioaggregate (Innovative BioCeramic, Vancouver,
Canada) is a relatively new product containing
calcium silicate hydrate, calcium hydroxide,
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Table 7.1 Characteristics of some related materials

Base
materials Derivatives Composition
Tricalcium Bioaggregate Calcium silicate hydrate + calcium
silicate-based hydroxide + hydroxyapatite + tantalum
endodontic oxide + amorphous silicon oxide
materials
EndoSequence  Calcium silicate + monobasic calcium
root repair phosphate + zirconium oxide + tantatum
material oxide +filler agent
Biodentine Tricalcium silicate +calcium
carbonate + zirconium oxide + calcium
chloride
Calcium- Calcium hydroxide + calcium
enriched mixture oxide+calcium phosphate + calcium
(CEM) sulfate + calcium silicate + calcium
carbonate
Generex A Calcium silicate + unique
gels + hydroxyapatite
Capasio Calcium aluminosilicate + dental
glass + bismuth oxide
Theracal CaO +calcium silicate
particles + strontium glass + fumed
silica+ barium sulfate + barium
zirconate +resin containing Bis-GMA
and PEGDMA
Endodontic Calcium Calcium aluminate + calcium
cements not  aluminate dialuminate
based on cement
tricalcium EndoBinder Calcium aluminate based
silicate
Castor oil Polymer derived from the castor oil

Ceramicrete D

plant (triglyceride of ricinoleic acid)

Phosphosilicate
ceramic + hydroxyapatite + cerium
oxide +deionized water

Properties

Nontoxic [53, 175, 177, 182], nontoxic
[104], antibacterial effect [180],
sealing ability [59, 108], fracture
resistant [164]

Bioactive [5, 88, 115, 153], not
bioactive [122], sealing ability [127],
not sealing ability [87], antibacterial
[114]

Remineralization induction [81],
odontoblast differentiation [107],
adverse effect on the dentin toughness
[111, 151], not sealing ability [37], low
porosity [41]

Hydroxyapatite formation [13], sealing
ability [11, 84, 103], antimicrobial [14,
83], acceptable cytotoxicity [15, 125],
suitable biocompatibility [1, 136],
induce hard tissue formation [142],
suitable for vital pulp therapy [8-10,
12, 63, 116, 128, 157]

Suitable compressive strength, washout
resistant and setting time [139]
Adequate physical and chemical
properties [139], promote apatite
deposition [138], osteoblast growth
and nodule formation [171]

Calcium ion release and
hydroxyapatite formation [68],
decreasing cell metabolism [85]

Rapid setting, good flow, improved
handling properties, high mechanical
strength, reduced porosity [131]
Adequate physical and chemical
properties [130], biocompatible [3, 48]
Antibacterial [165], biocompatible [22,
112], acceptable cytotoxicity and
genotoxicity [28, 29], sealing ability
[51]

Sealing ability [108], clinical handling
and washout resistant [139]

hydroxyapatite, tantalum oxide, and amorphous
silicon oxide, which is intended to be used for per-
foration repair and as a retrograde filling material.
In a study using X-ray diffraction analysis [137], the
absence of aluminum-based compounds was dem-
onstrated. Furthermore, tantalum oxide has been
included as a radiopacifier. The hydrated material
released less calcium in solution than Biodentine

[79]. In vitro studies [53, 175, 177, 182] revealed
that Bioaggregate is nontoxic to human fibroblasts
and osteoblasts. In addition, it may induce fibro-
blast differentiation and expression of the mineral-
ization-association gene in osteoblasts.

On evaluation of the systemic toxic effect of
MTA and Bioaggregate on the kidney and liver,
some adverse effects on liver and kidney cells in



138

J. Ghoddusi

rats were demonstrated. The effect of MTA was
significantly more severe than the Bioaggregate
[104]. Evaluation of an antibacterial activity of
this cement against E. faecalis revealed compa-
rable results with MTA which was even enhanced
after addition of the dentin powder [180]. Its seal-
ing ability has been assessed by dye [59] and glu-
cose [108] leakage, and results indicated similar
ability to MTA as a root-end filling material. In
one study [164], fracture resistance of immature
teeth filled with Bioaggregate was higher than
MTA, suggesting this cement can be used in
immature teeth, as a root canal filling material.

7.3.1.2 EndoSequence Root
Repair Material

Recently, a new root repair material has been
introduced to the market: EndoSequence Root
Repair Material (ERRM; Brasseler, Savannah,
GA). According to the manufacturer, it is com-
posed of calcium silicate, monobasic calcium
phosphate, zirconium oxide, tantatum oxide, and
filler agents and is available as paste in preloaded
syringes and also in a moldable putty form. The
preloaded syringe also has intracanal tips that can
be bent to facilitate its placement in clinical situ-
ations. According to the manufacturer instruc-
tion, it has a working time of 30 min and a setting
reaction initiated by moisture with a final set
achieved approximately 4 h thereafter.

Although in one study, elutes of ERRM sig-
nificantly reduced the bioactivity and alkaline
phosphatase activity of human osteoblast-like
cells [122], the results of other studies conducted
on its bioactivity revealed that it may have cell
viability similar to MTA in both set and fresh
conditions [5, 88, 115, 153]. Sealing ability of
this novel material was compared with MTA, and
the results showed no significant difference in
bacterial leakage between either of them [127].
In contrast, by using a bacterial leakage model
[87], it was concluded that samples in ERRM
group leaked significantly more than those in
MTA group.

Antibacterial activity of ERRM was compared
with MTA, and results demonstrated similar anti-
microbial properties during their setting reaction
against ten clinical strains of E. faecalis [114].

In an in vitro study [82], simulated root resorp-
tion defects were prepared, and after filling the
root canal with either ERRM or MTA, the pH at
the root surface of the teeth was measured. In the
ERRM group, pH values declined during the first
24 h, and its 1-week evaluation was comparable
with MTA during the 1st and 2nd weeks [82].

7.3.1.3 Biodentine

Biodentine is manufactured by Septodont
(Septodont, Saint-Maur-Fosses Codex, France)
and is composed of tricalcium silicate, calcium
carbonate, and zirconium oxide as the radiopaci-
fier, while its liquid form contains calcium chlo-
ride as the setting accelerator and water-reducing
agent. This composition has been verified in
a recent publication [46]. The calcium chlo-
ride accelerates the setting time of Biodentine,
while the other additives enhance the physi-
cal properties [80]. According to the manufac-
turer, Biodentine is produced using a novel
technological platform called Active Biosilicate
Technology, which guarantees the purity of the
material. An investigation of the presence of
leachable arsenic, lead, and chromium from
Biodentine exhibited the low levels of toxic
heavy elements in this material [42]. The fine
particle size [46] accompanied by the presence
of calcium carbonate which enhances the mate-
rial hydration results in the release of calcium
hydroxide in solution [79]. A study demonstrated
the formation of a silicate- and calcium-rich
layer in dentin in contact with Biodentine and
MTA. Silicon is known to enhance the rate of
new bone growth and also induce remineraliza-
tion of demineralized dentin when released from
bioactive materials [81].

When Biodentine is applied directly onto the
pulp, it induces an early odontoblast differentia-
tion and the initiation of mineralization, probably
due to a modulation of TGF-p1 secretion from
the dental pulp cell [107]. Prolonged contact of
mineralized dentin with calcium silicate-based
materials, such as Biodentine, has an adverse
effect on the dentin toughness and integrity of the
dentin collagen matrix; therefore, caution is rec-
ommended when these materials are applied to
the thin dentinal walls [111, 151].
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When Biodentine was used as a dentin
replacement material in the sandwich technique
overlaying with composite, significant leakage
occurred at the dentin-material interface [37].
Drying of Biodentine results in cracking and
micro-leakage. Biodentine exhibits very low
porosity when compared to MTA Bioaggregate
and intermediate restorative material (IRM)
(Dentsply Caulk, Milford, Delaware) [41].

7.3.1.4 Calcium-Enriched Mixture

Asgary et al. [16] introduced a new endodontic
cement in 2008 to combine the superior biocom-
patibility of MTA with appropriate setting time
(less than 1 h), handling characteristics, chemi-
cal properties, and reasonable price. This newly
formulated biomaterial, named calcium-enriched
mixture (CEM) cement (BioniqueDent, Tehran,
Iran), was made using different calcium com-
pounds; the patent is granted from US Patent and
Trademark Office (USPTO) (endodontic filling
material; USA, 7,942,961, 2011 May 17).

The manufacturer claimed that the mixed paste
of CEM is not sticky; it does not tend to adhere to
the applicator and can be easily condensed by the
operator. In addition, some calcium compounds
in CEM such as calcium sulfate and calcium sili-
cate may cause a slight expansion of the material
through continuous hydration after initial setting
of the material and further crystalline maturation.

The results of recent investigations revealed
that CEM comprises water-soluble calcium and
phosphate ions and forms hydroxyapatite after
setting [13]. Its sealing ability as a root-end fill-
ing material has been also evaluated and com-
parable results with MTA have been shown [11,
84, 103]. In presence of saliva contaminations,
CEM showed superior sealing ability compared
to MTA [84].

Antimicrobial properties of CEM against
gram-negative, gram-positive, and cocci/bacilli
bacteria were compared with MTA and calcium
hydroxide (CH) using agar diffusion test. Results
showed comparable antibacterial effects with CH
and significantly better results than MTA [14, 83].
In addition, recent studies in cell culture revealed
its cytotoxicity to be within acceptable range
[15, 125], suitable biocompatibility [1, 136], and

ability to induce hard tissue formation [142]. The
results of in vivo studies on dogs showed that as
pulp capping materials, MTA and CEM showed
similar favorable biological outcomes, and both
better than CH especially in terms of inducing the
formation of the dentinal bridge [12, 157]. In sev-
eral clinical trials in primary and permanent teeth
[8-10, 63, 116, 128], CEM was used as a vital
pulp therapy agent, and results indicated that
the performance of new biomaterials may trend
toward more biological treatments.

7.3.1.5 Generex A

Generex A (Dentsply Tulsa Dental Specialties,
Tulsa, OK) is a calcium silicate-based material
with similarities to ProRoot MTA. However,
Generex A is mixed with unique gels instead
of water and, together with a powder consis-
tency, results in improved material handling and
shorter setting time. Generex A powders contain
hydroxyapatite to nucleate the production of
hydroxyapatite in vivo which might be responsi-
ble for acceleration of osteoblastic activity in rats
[170]. In addition, in an in vitro study, its com-
pressive strength, washout resistance, and setting
time were found to be better than MTA [139].

7.3.1.6 Capasio
Capasio (Primus Consulting, Bradenton, FL) is
the new calcium aluminosilicate-based material
which has been introduced in an effort to improve
the weaknesses of previous materials. It is com-
posed primarily of bismuth oxide, dental glass,
and calcium aluminosilicate with a water-based
gel. Upon the final setting (e.g., 9 min), this
material is slightly more acidic (pH=10.9) than
WMTA (pH=11.6). Moreover, it has demon-
strated similar or improved physical characteris-
tics such as setting time, radiopacity, compressive
strength, pH, and washout resistance [139].
When used as a root-end filling material,
Capasio is more likely to penetrate dentinal
tubules, and similar to MTA, it promotes apatite
deposition when exposed to synthetic tissue fluid
[138]. In a comparative study, Capasio has not
been shown to support the primary osteoblast
growth and facilitate nodule formation in com-
parison with MTA and Generex A [21]. Recently,
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Capasio powder has been refined and renamed as
Quick-Set (Primus Consulting), and the cationic
surfactant was removed from the liquid gel com-
ponent, which was proposed to interfere with cell
cytocompatibility. In a study, Quick-Set demon-
strated similar cytotoxicity profile to MTA [171].

7.3.1.7 TheraCal

TheraCal (Bisco Inc., Schaumburg, IL, USA)
is a new light-cured resin-modified paste con-
taining CaO, calcium silicate particles (type III
Portland cement), strontium glass, fumed silica,
barium sulfate, barium zirconate, and resin con-
taining Bis-GMA and poly(ethylene glycol)
dimethacrylate (PEGDMA) (International Patent
A61K33/42), which has been introduced as a
pulp capping material. It has the ability to release
calcium ions and create an environmental pH
close to physiological pH after 7 days. The latter
characteristic favors the formation of apatite and
induces the differentiation of new odontoblasts,
thus resulting in the formation of new dentin.
Its ability to polymerize to a depth of 1.7 mm
may eliminate the risk of untimely dissolution
[68]. Although bioactive and calcium-releasing
properties have been demonstrated for TheraCal,
decreased cell metabolism when compared to the
control has been demonstrated [85].

7.3.2 Endodontic Cements Not
Based on Tricalcium Silicate

7.3.2.1 Calcium Aluminate Cement

A novel calcium aluminate endodontic cement
was developed at the Federal University of Sdo
Carlos, Brazil, by Pandolfelli et al. [133] (Patent
registration INPI 0704502—-6). This cement aims
to preserve the positive properties and clinical
applications of MTA while increasing the pos-
sibility of extended applications without the
disadvantages of the original material. The cal-
cium aluminate cement is comprised of calcium
aluminate (Ca0-Al,O;) and calcium dialuminate
(Ca0.2Al1,0;) phases, which are responsible for
the hydraulic setting process [138]. In one study,
the chemical, physical, and mechanical properties
of the cement were assessed, and results showed

more rapid setting, better flow, improved handling
properties, rather high mechanical strength, and
reduced porosity with lower pore size compared
to MTA Angelus [131]. On the other hand, on
the surface of this cement in combination with
accelerator, stoichiometric hydroxyapatite was
detected after immersion in simulated body fluid
solution [130].

7.3.2.2 EndoBinder

A new calcium aluminate-based endodontic
cement (Patent Number PI0704502-6-2007)
called EndoBinder (Binderware, Sdao Carlos,
SP, Brazil) has been developed, with the aim of
preserving the properties and clinical applica-
tions of MTA without its negative characteristics.
The cement is produced by the process of alumi-
num oxide and calcium carbonate calcination at
temperatures between 1,315 and 1,425 °C. The
formed calcium aluminate is cooled and then trit-
urated until an adequate particle size is obtained.
Free magnesium oxide and calcium oxide, which
are responsible for the undesired expansion, and
ferric oxide which leads to tooth darkening have
been eliminated. This material has been shown to
present adequate physical and chemical proper-
ties [130] and induce a higher rate of osteogenic
cells differentiation compared to those exposed
to MTA [48]. In addition, when tested on rat sub-
cutaneous tissues, it proved to be biocompatible
[3]. In a 1-year in vitro study, GMTA, WMTA,
and EndoBinder with and without radiopacifying
agent displayed color alteration after 360 days
[71].

7.3.2.3 Castor Oil Cement

Recently, a material-based polymer derived from
the castor oil plant (Ricinus communis) was
introduced to endodontics, also known as cas-
tor bean polyurethane cement (COB, Poliliquil,
Araraquara, SP, Brazil), is composed of 81-96 %
triglyceride of ricinoleic acid, and is considered
as a natural polyol containing three hydroxyl
radicals.

This cement has been reported to have anti-
bacterial activity against E. coli [165] and is
progressively integrated into the alveolar bone
in the wound-healing process [47]. Aiming at
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Table 7.2 Properties of MTA-based sealers

Calcium ion

Sealers Composition Biocompatibility ~ Antibacterial ~ Sealing ability ~ release
Endo-CPM- MTA +calcium (+) [76,77] (+) [159] (+)[50] (+) [160]
Sealer chloride + calcium carbonate (-)[124]
iRoot SP Sealer Calcium silicate based (+) [181] (+) [179] (+) [61, 178] (+) [23]
(unknown)
MTA Fillapex =~ MTA +salicylate (+) [78, 149] (+) [124] (+) [75] (+) [23]
resin+natural resin+silica  (—) [20] (=) [154]
nanoparticles + bismuth
oxide +dehydrated calcium
sulfate
MTA Obtura White MTA +viscous fluid ~ N/Y/E? N/Y/E? (-) [168] N/Y/E?
ProRoot Endo  Tricalcium N/Y/E? N/Y/E? (+) [172] N/Y/E?
Sealer silicate +dicalcium
silicate +calcium
sulfate +calcium

aluminate + bismuth oxide

2Not yet evaluated

evaluation of its cytotoxicity and genotoxicity,
this material proved to be biocompatible when
used in maxillary sinus floor augmentation
[22] and is well osseo-integrated [112], with-
out any negative influence on the cell survival
[28, 29]. The sealing ability of this cement has
been evaluated by the dye leakage method, and
results have shown an efficient sealing ability
[51].

7.3.2.4 Ceramicrete

Ceramicrete is a self-setting phosphate ceramic
developed at the Argonne National Laboratory
that sets in an ambient condition formed by
acid-base reaction between an acid phosphate
(KH,PO,) and a negligible soluble basic metal
oxide (calcined MgO). More recently, a biocom-
patible, radiopaque Ceramicrete-based dental/
bone material has been created by incorporating
hydroxyapatite powder and cerium oxide radi-
opaque filler into the phosphosilicate ceramic.
The Ceramicrete-based material has an initial
setting time of 6 min and a final setting time of
12 min, it can also be rolled into a sausage-like
formation for easier manipulation with dental
instruments and sets under water with minimal
washout [143]. A modified version of the mate-
rial (Ceramicrete D) was introduced by mixing
the powder with deionized water. The sealing

ability of Ceramicrete D was reported to be
favorable [161].

In another study by Leal et al. [108], two end-
odontic bioceramic repair cements (Bioaggregate
and Ceramicrete D) displayed similar leakage
results to white MTA when used as root-end fill-
ings materials. Ceramicrete D had significantly
lower glucose penetration. Physical and chemi-
cal analyses showed that the clinical handling
and washout resistant of the Ceramicrete D
were superior to those of MTA; however, it was
weaker, less radiopaque, and initially more acidic
than Generex A and Capasio [139].

7.3.3 MTA-Based Sealers

Despite favorable characteristics, MTA presented
some physical properties that hinder its applica-
tion for root canal filling. An appropriate material
for using as a root canal filling should be biocom-
patible, induce mineralized tissue formation, has
suitable flow rate and manipulation. Recently, in
an effort to incorporate the desirable biological
properties of MTA into an easy to manipulate and
insert material, some manufacturers have added
specific components to MTA-based cements.
Materials resulting from this attempt are listed in
Table 7.2.



142

J. Ghoddusi

7.3.3.1 Endo-CPM-Sealer

The Endo-CPM-Sealer (Egeo S.R.L., Buenos
Aires, Argentina) was introduced in an attempt
to combine the physicochemical properties of a
root canal sealer with the biological properties
of MTA. According to the manufacturer, CPM
Sealer is composed of MTA, SiO,, CaCOs;,
Bi,0;, BaSO,, propylene glycol alginate, pro-
pylene glycol, sodium citrate, and calcium
chloride after mixing. Calcium carbonate, as a
component that reduces the pH of the mixture,
restricts the surface necrosis of cells in contact
with the material and thus allows the action of
the alkaline phosphatase and, consequently,
the deposition of mineralized tissue [76].
Hydroxyl and calcium ions have also been
shown to release from this cement similar to
MTA, and therefore, they may act as an alter-
native root-end filling material [160].
Researchers demonstrated that Endo-CPM-
Sealer has a good antimicrobial activity [159].
In addition, fibroblast cultures revealed that
Endo-CPM-Sealer is not cytotoxic [77].
According to the manufacturer and study
results [50], Endo-CPM-Sealer can be consid-
ered as an alternative sealing material in the
treatment of root perforations. When used as
an apical plug, the CPM and MTA had similar
adaptation to the dentin walls.

7.3.3.2 iRoot SP Sealer

A new bioceramic-based sealer iRoot SP
(Innovative Bioceramix, Vancouver, Canada) is
described by the manufacturer as a convenient,
premixed, ready-to-use, injectable, white hydrau-
lic cement paste. This material uses the natural
moisture of the dentinal tubules to initiate and
complete its setting reaction. According to the
manufacturer, iRoot SP is an aluminum-free,
hydrophilic, calcium silicate-based material that
requires the water to set and harden. In addi-
tion to its antibacterial activity and biocompat-
ibility [179, 181], it showed good sealing ability
[61, 178] and bonding to root canal dentin even
under different degrees of dentin moisture [60,
126]. Intracanal placement of calcium hydroxide
seems to improve the dislodgment resistance of
the iRoot SP [7].

7.3.3.3 MTA Fillapex

MTA Fillapex (Angelus, Londrina PR, Brazil) is
a new double paste MTA-based root canal sealer.
Its composition after mixing is basically min-
eral trioxide aggregate, salicylate resin, natural
resin, bismuth oxide, and dehydrated calcium
sulfate. This material has excellent radiopacity,
easy handling, and good working time. MTA
Fillapex showed antibacterial activity against
E. faecalis before setting [124]. According
to the manufacturer, this is the only root canal
sealer that promotes cementum regeneration.
However, one study showed lower cell viability
rates when compared with the control group [20].
On the contrary, other investigations on human
osteoblast-like cells and rat tissues showed the
sealer presents suitable bioactivity [78, 149].
In some studies, MTA Fillapex presented lower
sealing ability than MTA [154] and lower push-
out bond values to root dentin compared with
other sealers [148].

7.3.3.4 MTA Obtura

MTA Obtura (Angelus, Solucoes Odontologicas,
Londrina, PR, Brazil) is a mixture of white MTA
with a proprietary viscous liquid. In an in vitro
study, MTA Obtura showed progressive increased
leakage during extended experimental periods
[168]. On the other hand, another study con-
cluded that MTA Obtura presented greater flow
than the minimum recommended level in the
ADAg; specification [19].

7.3.3.5 ProRoot Endo Sealer

ProRoot Endo Sealer (Dentsply Maillefer,
Ballaigues, Switzerland) is reported to be cal-
cium silicate based with liquid-to-powder ratio
of 1:2. The liquid is composed of water and a
viscous water-soluble polymer. The addition of
a polymer to improve the workability had been
reported previously [44]. The polymer addition
does not seem to affect the biocompatibility of
the material [34, 44]. Sealing property of ProRoot
Endo Sealer is comparable to other tested sealers
[172], and also the presence of spherical amor-
phous calcium phosphate-like and apatite-like
phases after immersion in simulated body fluid is
demonstrated [94].
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Conclusion

The introduction of mineral trioxide aggre-
gate (MTA) in 1993 started a new revolution-
ary phase in endodontic practice. However,
despite solving many problems in the treat-
ment of complicated cases, some difficulties
have been reported with MTA. The loose and
sandy nature and also lack of uniformity in
MTA mixture have caused some difficulties
for application of MTA paste into the desired
space.

While some modifications have been pro-
posed for easier application of MTA in order
to overcome its disadvantages, these modifica-
tions have had a negative influence on some
properties of the material.

A new generation of materials with at least
similar properties to those of original ProRoot
MTA have also been introduced as its suitable
alternatives in complicated cases. More evi-
dence is required to support these materials as
an improved MTA or as its new alternatives.
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8.1 Introduction

This chapter describes the dental products that
contain or are based on tri- or dicalcium silicates.
Resin-based products that contain these powders
are included. For simplicity, these products are
denoted at MTA-type materials because they rely
on the hydration reactions in Eqgs. 8.1 and 8.2.

Tricalcium silicate:

2Ca,Si0, +7H,0 = 3Ca0,Si0, - 4H,0
+3Ca(OH), 8.1

Dicalcium silicate:

2Ca,Si0, +5H,0 =3Ca0-2Si0, -4H,0
+Ca(OH), (8.2)
Secondary or lesser hydration reactions occur
involving the minor phases, but the strength and
the release of calcium hydroxide for bioactivity
arise from these two reactions. The key to the
bioactivity of MTA-type products is the precipi-
tation of hydroxyapatite when the calcium
hydroxide reacts with phosphate ions in body flu-
ids, as shown in Eq. 8.3.
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7Ca(OH), +3Ca(H,PO, ),
— Ca,, (PO,)6(OH), +12H,0 (8.3)

Calcium silicate, CaSiO; (wollastonite), is not
part of this discussion because this compound
does not react with water and hydrate. However,
this distinction is not always clear in the lit-
erature. Calcium silicate was used in another
experimental magnesium phosphate dental prod-
uct [32, 79, 93]. The calcium silicate was not a
hydraulic phase but a phase that reacted in situ
contributing to bioactivity.

8.2 Commercial Products

From 1993 to 1998, Dr. Torabinejad of Loma
Linda University (Loma Linda, CA, USA) distrib-
uted experimental samples of MTA from his labo-
ratory to endodontists. Commercial introduction of
MTA products began in 1998 by the Tulsa Dental
Specialties division of Dentsply International with
ProRoot® MTA. This product was introduced
after two applications to the US Food and Drug
Administration (FDA) for clearance of these indi-
cations: repair of pulpal exposures, apexification,
root perforation, root-end filling, and management
of internal resorption. A picture of this gray MTA
product is shown in Fig. 8.1a. In 2008, the US
FDA cleared additional indications of cavity liner,
pulpotomies, obturation, and root canal sealer,
for MTA-type products from Dentsply. In Korea,
MTA-type products are used for replantation [36,
72], transplantation, file separation, and vertical
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Fig. 8.1 (a) Packet of ProRoot MTA powder, ampoule of water and powder, introduced in 1998. (b) Packet of
tooth-colored (white) ProRoot MTA powder, ampoule of water and powder, introduced in 2002

cracks. MTA-type products are generally suitable
for dental procedures that contact with pulpal or
periapical tissues, as described in this chapter and
others. The performance and the convenience of
products for a procedure have varied, as can be
gleaned in the following discussion.

Since the introduction of ProRoot MTA, a
shorter setting time has been desired, so that the
clinician can feel confident that the product has
set before the procedure is finished, as is conven-
tional for dental materials. Several products and
many researchers have sought to achieve this goal,
often by the addition of calcium chloride, a known
accelerant for Portland cement setting even though
calcium chloride is not necessarily the most effec-
tive salt for accelerating the set. The elimination
of calcium sulfate is known to reduce setting time
for Portland cement [68], and this approach has
also been used by several manufacturers. Calcium
sulfate is necessary in construction concrete pour-
ing to avoid flash or “false” setting, as described in
Chap. 1. In dentistry, flash setting is unimportant
and may be beneficial as noted below.

Researchers and clinicians have reported that
the ProRoot MTA product had poor handling

characteristics and “looses consistency in the
presence of excess liquid, even at the proportion
recommended by the manufacturer,” creating a
low viscosity, “soupy mix” [62]. Since 1998,
many investigators and companies have devel-
oped alternatives that were less “sandy”, faster
setting and less expensive.

The key characteristics for comparisons of
MTA products are crystalline phases, particle-
size distribution, setting time, handling adju-
vants, radiopacifier, and resistance to washout.
All of these characteristics contribute to the cli-
nician’s ability to satisfactorily prepare and mix
the material. Washout resistance is important for
stable placement of the material, particularly for
the products that have a long setting time. The
evolution of the available products and support-
ing research is described here.

The first patented MTA was a blend of a par-
ticular Portland cement composition, which
included about 5 % iron oxide, and was believed
to be unique in its ability to “work” (private
communication about US Patents 5,415,547 and
5,769,638). Dentsply fabricated the patented
cement formula under controlled environmental
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conditions and created a finer powder than the
original samples, with better bismuth oxide dis-
tribution. This product became ProRoot MTA.
The color of the powder was dark gray, as shown
in Fig. 8.1a. The powder was packaged in foil
pouches and supplied with ampoules of water
in the kit (Fig. 8.1a). In 2002, a “tooth-colored”
(white) ProRoot MTA (US Patent 7,892,342)
product superseded the gray ProRoot MTA. This
product was very similar but contained less than
0.5 % iron, so that the cement was yellowish white
in color. The bismuth oxide contributed the yellow
cast. In many articles, the tooth-colored ProRoot
MTA product is denoted as white ProRoot MTA
(Fig. 8.1b). Market demand required the original
gray-colored ProRoot MTA to be reintroduced,
and it has been sporadically available since then.
Some papers have proposed greater biocompat-
ibility for the gray version [37, 78].

The Angelus company in Londrina, Brazil,
founded by Dr. Roberto Q. M. Alcéntara, com-
mercialized a more affordable MTA product in
2001. This product was available in Brazil and
now is available through Henry Schein distribu-
tors. The format of their gray and white Angelus
products is bottles of powder and water in a vial,
different from ProRoot MTA powder in 1 g
pouches with water ampoules. Originally, com-
mercial Portland cement was used to create MTA
Angelus, a gray-colored powder with bismuth
oxide, which was followed by MTA Bianco, a
white Portland cement with bismuth oxide.

When evaluating products, researchers have
often repeated the term “sandy” feel of MTA [64].
Coarse particles give this sensation and scratchy
sound when a powder is mixed with water on a
glass slab. Therefore, the particle-size distribu-
tions have been compared for several powders.
The particle-size distribution of the experimental
samples of MTA from Loma Linda University is
shown in Fig. 8.2a, and this powder has a sig-
nificant portion of particles coarser than 40 pm,
hence the “sandy feel.” The material was coarser
than ProRoot MTA [65] and had incompletely
dispersed bismuth oxide which appeared as bright
spots in radiographs. The particle-size distribu-
tions in Fig. 8.2b, c are for the Angelus compa-
ny’s white and gray MTA powders. The median

particle sizes are below 10 pm, but each powder
contains many particles which are coarser than
40 pm, up to 100 pm. The line at 20 pm allows
a comparison of the number of particles that are
coarse. Figure 8.2d—f show the distributions of
particle sizes in ProRoot (gray and white) and
DiaRoot powders (DiaDent Group International,
Burnaby, British Columbia, Canada), which have
significantly fewer coarse particles than the origi-
nal MTA or the Angelus materials. Figure 8.3 has
particle-size distributions for three newer mate-
rials, which are remarkably finer: Biodentine,
EndoSequence sealer, and RetroMTA powders.
None of these powders is “nano-sized.” Nano-
sized particles are 1/1,000 of a micron and none
of these materials is even submicron (1/10 of a
micron).

Nano-sized particles are of interest because of
the high surface-to-volume ratio versus micron-
sized particles. The surface-to-volume ratio
changes from less than 10 % for micron-sized
particles to more than 50 % for nanoparticles,
which is important because a higher surface-to-
volume ratio can dramatically increase reactivity,
such as hydration. Fumed or colloidal silica are
nano-sized particles that are commonly added to
many dental products. Such silica products may
be a minor addition to some MTA products; how-
ever, no MTA product has been identified that is
primarily composed of nanoparticles.

Calcium sulfate is used in construction uses of
Portland cement to delay setting. Without cal-
cium sulfate, the calcium aluminate phase of
Portland cement quickly hydrates and causes ini-
tial setting by stiffening the cement, which is
undesirable for bulk pouring of concrete. For
MTA indications, faster setting is desired. The
Angelus company has integrated the manufacture
of the tricalcium silicate powders into their oper-
ations so that their MTA products are now made
with fewer trace metal oxides and without cal-
cium sulfate (private communication, 2013). The
initial setting time of their products is reported to
be only 10 min, by allowing the tricalcium alumi-
nate phase to quickly hydrate [54]. Later, the
Angelus Corporation developed a sealer contain-
ing MTA powder (MTA Fillapex®), which is
described in the ensuing sealer section.
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Fig. 8.2 (a) Original,
pre-commercial MTA powder
particle-size distribution.

(b) MTA Bianco from
Angelus Corporation powder
particle-size distribution.

(c) MTA Angelus (gray)
from Angelus Corporation
powder particle-size
distribution. (d) Early version
of (gray) ProRoot MTA
powder particle-size
distribution. (e) Tooth-
colored (white) ProRoot
MTA powder particle-size
distribution. (f) DiaRoot
powder particle-size
distribution
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Fig.8.2 (continued) e
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DiaRoot® from DiaDent® was introduced by
2007, and this material was manufactured with-
out tricalcium aluminate; therefore, no calcium
sulfate phase is needed to control the rapid hydra-
tion of the tricalcium silicate. Tantalite (Ta,Os) is
used as the radiopaque powder, making this
material very white, by comparisons to gray
ProRoot MTA or tooth-colored (white) ProRoot
MTA that contain bismuth oxide. DiaRoot was
advertised as containing calcium phosphate
monobasic, but no phosphate phase was detected
with XRD (Table 8.1), indicating that the phos-
phate was either amorphous or was present at less
than 1 %. The format of this product is very
similar to ProRoot MTA with one gm sachets of
powder and water ampoules shown in Fig. 8.4.
Currently, this product is sold through Verio
Dental Co. (Vancouver, Canada) from Innovative
BioCeramix Inc. (IBC) (Vancouver, Canada).

The Brasseler Co. (Savannah, GA, USA)
offers MTA-type products, under the trade name
EndoSequence BC or Bioceramic. These prod-
ucts appear to be related to the DiaRoot and iRoot
products, and IBC is believed to be the supplier/

1 10

Particle size (um)

100 1,000 3,000

manufacturer. The Brasseler products are based
on fine tricalcium silicate powders that do not
contain alumina. The products are offered in four
formats: powder for mixing with water, a paste, a
putty, and a sealer (Fig. 8.5). The EndoSequence
BC putty, paste, and sealer have the powder mixed
with various carrier liquids that do not cause set-
ting; hence, the liquid must be anhydrous. These
paste/putty forms of the EndoSequence BC
material do not require mixing before placement
and they allow a clinician to choose a viscosity
suitable for the indication or case. When placed,
water must diffuse from the tissues into the paste,
putty, or sealer to displace the carrier liquid and
cause hydration/setting of the tricalcium silicate
powder. The percentage of the ceramic powder in
any of the products is not known, but is estimated
as 60-80 % MTA-type powder. The fine powders
and convenience as putty or paste are solutions
to the criticisms of MTA being coarse and hard
to place. The time for diffusion of water to cause
setting will vary with the indication and location.
Brasseler EndoSequence putty sets more slowly
than ProRoot MTA [28], but the setting times
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Fig. 8.3 (a) Biodentine powder particle-size distribution. (b)EndoSequence sealer powder particle-size distribution.

(¢) RetroMTA powder particle-size distribution

for these materials are more than 24 h, there-
fore irrelevant for the procedure. In vitro testing
shows that setting of the sealer takes more than 1
week [71]. However, the ability to place the putty
and complete the procedure may outweigh other
concerns.

Brasseler and IBC companies use the terms
bioaggregate and bioceramic for their products.
Bioaggregate has no technical meaning, but does

imply the bioactivity that occurs when tri- and
dicalcium silicates are placed in contact with
tissue fluid. Bioceramic is a term used to refer
any ceramic (nonmetallic and inorganic) mate-
rial, including glass, in the body of suitable bio-
compatibility. Bioceramics are not limited to the
Brasseler products, but include resorbable ceram-
ics and inert ceramics such as alumina or zirconia
used in dentistry and other medical devices.
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Table 8.1 X-ray diffraction results for some MTA products (weight percent)

CPM

(White) Endo-
Phase detected by ProRoot MTA + MTA MTA XRD
XRD MTA DiaRoot Biodentine RetroMTA Endocem (Cerkamed) Plus Caps analysis
Tricalcium silicate  57.8 61.2 82.7 43.8 62.7 59.3 20.7 62.6
Dicalcium silicate  18.5 26.7 18.6 36.2 2.8 17.7 177 15.0
Tricalcium 32 9.8
aluminate
Calcium sulfate 1.7 1.5 3.3
Calcium carbonate 13.7 42.0 0.7 183 11.5

Tetracalcium 0.09 0.6
aluminoferrite

Calcium hydroxide 1.9 32 1.7

Bismuth oxide 20.0 15.2 9.3 20.0 3.7
Calcium tungstate 30.8
Zirconium oxide 3.6 254 9.2

Barium sulfate 32
Tantalite 6.7

Calcium phosphate 1.7

(various)

Magnesium oxide 1.1

Calcium chloride 2.3
hydrate

Silica-crystalline 2.0 0.1 04 /7
Amorphous 9.0 14.0

(silica)

Tetracalcium 2.0 0.7
monocarboalu-

minate

Ca,AlL,(OH),,

(CO3)(H:0)5

EndoSequence

BC Sealer

Fig. 8.4 DiaRoot BioAggregate product showing pow-
der sachet, water ampoule, and mixing tools

Fig. 8.5 Two of Brasseler’s EndoSequence products,
putty (a) and sealer (b), are shown
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Brasseler also manufactures EndoSequence
BC gutta-percha points that contain the same tri-
calcium silicate powder used in their other trical-
cium silicate products. This product is their
approach to bonding the sealer to the gutta-percha
and the dentin as a “monoblock” [94]. The use of
MTA powder in gutta-percha has been patented
(US 7,838,573).

Biodentine® (Septodont, Saint-Maur-des-
Fossés, France) is a fast-setting tricalcium sili-
cate product, which has the same indications as
ProRoot MTA. The company has emphasized
using the material to replace dentine lost to car-
ies. Its use as a dentine replacement may not pre-
vent leakage [22]. A composite resin should be
placed over the Biodentine as the material will
not be sufficiently stable when exposed to the
oral cavity. Biodentine powder is packaged in
unit doses of 0.75 g, more than is usually used for
endodontic or vital pulp therapy indications
(Fig. 8.6). The user manually adds the liquid to
the powder’s capsule and the mixture is tritu-
rated. The water-based liquid, supplied in
ampoules, contains a “plasticizer” (polycarbox-
ylate) and calcium chloride to enhance the prop-
erties and speed the setting. Although advertised
as “dentin in a capsule,” the Biodentine powder
contains mostly tricalcium silicate (83 %) with
14 % calcium carbonate and 4 % zirconia
(Table 8.1) and does not contain hydroxyapatite
and collagen. Biodentine does not contain den-
tine and should not be confused with bone graft-
ing material, which is hydroxyapatite. However,
its fine powder and faster setting are improve-
ments over the original MTA. The low amount of
zirconia in Biodentine makes the material only as
radiopaque as dentin. High radiopaque contrast is
desired for dental materials, such as composite
resins, which are also dentin replacements, for
X-ray visibility. However, this product was stable
to discoloration [95], unlike ProRoot MTA [9,
12, 59, 67, 70].

TheraCal™ LC (Bisco Inc. Schaumburg, IL,
USA) is the only commercial light-curing ver-
sion of MTA to date and is indicated for pulpal
tissue contact. This material contains less than
20 % MTA powder, a radiopacifier of barium zir-
conate (BaZrOs), and dimethacrylate resins. The

e
Biodentine

septodont

Fig. 8.6 Biodentine by Septodont, showing the triturator
capsule and its foil packaging, liquid for addition to the
capsule

product literature describes the MTA component
as Type II Portland cement, which denotes a
finer powder than Type I Portland cement. The
particle size is less important for a premixed
material that needs no spatulation prior to light
curing. TheraCal has been tested and shown to
release more calcium ions than Dycal® (Dentsply
International, York, Pennsylvania, USA), a cal-
cium hydroxide-based pulp-capping material
[44]. Also the TheraCal product has higher radi-
opacity, lower solubility, and better bonding than
Dycal, the current “gold standard” for pulp cap-
ping. TheraCal is not indicated for the endodon-
tic indications for which MTA has become known
and may not be suitable for such indications
based on cytotoxicity studies [55].

New endodontic cement (NEC, AKA
calcium-enriched mixture or CEM) has been
introduced (BioniqueDent, Tehran, Iran) and
contains calcium compounds not found in
ProRoot MTA. The NEC material contains more
calcia than MTA does by the addition of [8] cal-
cium oxide, calcium phosphate, calcium car-
bonate, calcium silicate, calcium sulfate,
calcium hydroxide, and calcium chloride. Over
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time, calcium oxide powder will form hydrox-
ide and then carbonate in the container, to create
more calcium carbonate. Asgary has not dis-
closed the presence of tri- or dicalcium silicates,
nor a radiopaque agent in the literature; how-
ever, the material’s similar performance to MTA
makes this material likely to be based on the
familiar MTA phases of tri- and dicalcium sili-
cate phases. NEC has been reported to be bioac-
tive and have good handling and sealing [6] as a
root-end filling material. Its film thickness was
lower than ProRoot MTA’s and its flow was
higher, indicative of a finer particle size than the
ProRoot MTA, which has the same indications.
A study with pulp capping in canines has shown
equivalent results of MTA and NEC, and NEC’s
superiority to calcium hydroxide-based IRM®
[91]. A root-end filling study in canines was
successful (after 60 days) versus MTA when
apical lesions were induced [5]. Pulpotomies in
humans showed similar success (about 75 %)
for NEC and MTA [76] for apical development
for as long as a 1-year follow-up. A second
study in humans compared conventional root
canal therapy to pulpotomies (with NEC) for
postoperative pain and 6-month radiographic
outcome. Significantly less pain occured in
the first 7 days for pain and radiographic superi-
ority [4].

Two manufacturers from Korea have intro-
duced MTA products to the USA and else-
where: OrthoMTA and RetroMTA (BioMTA,
Daejeon, Korea), and Endocem MTA (Maruchi,
Gangwon-do, Korea) shown in Fig. 8.7.
OrthoMTA and RetroMTA products are fine
powders, advertised as having an average particle
size of 2.6 pm, although independent testing has
shown that the powders have a median particle
size of about 10 pm (Fig. 8.3c). The indications
for OrthoMTA and RetroMTA overlap, although
RetroMTA has more vital pulp indications.

OrthoMTA is sold in (centrifuge vials) con-
taining 0.2 g of powder. The user adds his/her
own water to the powder in the vial and places
the vial in a battery-powered centrifuge to spin
for 20 s. Then the excess water is decanted and
the retained powder is considered hydrated for
dispensing. Special instruments are used for dis-

pensing. Initial setting time is 3 min. and the final
setting is about 6 h. The phases present are said
to include tri- and dicalcium silicate, tricalcium
aluminate, tetracalcium aluminoferrite, less than
1 % free calcia, and 3 % of amorphous phase.
Its radiopaque component is bismuth oxide. The
material is indicated for orthograde use.

RetroMTA has a different format from
OrthoMTA. Sachets of 0.3 g of powder are pack-
aged in a flat plastic container disk with separate
ampoules of water, which are manually mixed by
the user. This light gray tri- and dicalcium silicate
powder has about 25 % zirconia, some tricalcium
aluminate phase, calcium chloride, and silica
(Table 8.1). It is advertised as containing calcium
aluminozirconate for radiopacity, but this was not
detected by X-ray diffraction. The RetroMTA
brochure lists “lack of discoloration” as an attri-
bute; discoloration has been attributed to bismuth
oxide [23]. RetroMTA does not contain bismuth
oxide, so the discoloration claim seems valid.
The initial setting time of RetroMTA is said to be
1.5 min, which is likely caused by the calcium
chloride.

Endocem MTA shown in Fig. 8.7c is adver-
tised as setting in 3:15 min. Like the OrthoMTA,
the powder is sold in a flip-top vial of the kind
that is often used in centrifuging biological sam-
ples. The Endocem product literature states that
zirconia is present, but bismuth oxide was iden-
tified in X-ray diffraction (Table 8.1). Endocem
was the only product tested that contained only
dicalcium silicate, with no tricalcium silicate
for the hydraulic reaction. The setting was not
tested independently; however, dicalcium sili-
cate is slower setting than tricalcium silicate.
About 40 % calcium carbonate was also identi-
fied, with minor amounts of calcium phosphate,
crystalline silica, and magnesia. This excess
calcium carbonate indicates that the material is
pozzolanic.

Cerkamed PPH (Wojciech Pawlowski, Nisko,
Poland) has introduced an MTA + product
(Fig. 8.8), which is distinct from the product
MTA Plus® described below. The MTA + product
is distributed in small polymer bottles containing
0.3 g of powder with a separate vial of water. This
white powder contained primarily tricalcium



160

C.M. Primus

Biofilling

ENDOCEM MTA

Mineral Tricaicke Aggregate
Regenerative Endodontic Material

ENDOCEMZr

Mineral Trioxide Aggregate
Regenerative Endodontic Material

Simple - Speedy - Safe

Fig. 8.7 (a) RetroMTA shown in sachet, packaged with water ampoule. (b) OrthoMTA shown in vial placed in centri-
fuge (Image courtesy of Dr. Yoojin Shin, BioMTA.) (¢) Endocem shown in vial, having a gray color

silicate (63 %) with silica, and about 9 % each of
bismuth oxide and zirconia, and a small amount
of an aluminate phase (Table 8.1) in X-ray
diffraction.

Medcem GmbH (Weinfelden, CH) offers a
Portland cement powder for use instead of formo-
cresol [83]. However, this powder has no radi-
opaque material; therefore, its radiopacity is
similar to dentin.

Two MTA Plus® products are available and
both are tri/dicalcium silicate powders with bis-
muth oxide. The white version is sold outside the
USA, and is manufactured by Prevest Denpro
(Jammu, India); its phase composition is substan-
tially identical to that of tooth-colored ProRoot
MTA (Table 8.1). Grey MTA Plus is manufac-
tured in the USA by Avalon Biomed Inc.
(Bradenton, FL, USA). Both products include a
powder and gel for mixing.

Both MTA Plus products are indicated for
pulp and periapical tissue contact. This is the
only MTA product that is indicated for the addi-
tional indication of a root canal sealer. The vari-
ety of indications from pulp-capping to root-end
filling can be satisfied by varying the ratio of
powder to gel to the desired consistency for the
procedure. The benefit of the gel is the washout
resistance, versus other MTA products mixed
with water. The MTA Plus powders are finer
than ProRoot MTA powder, as can be seen in
the scanning electron micrographs of Fig. 8.9.
The coarse particles of ProRoot MTA create the
“sandy” feeling when mixing with water. The
MTA Plus powder is packaged in a desiccant-
lined bottle, which is more protective and conve-
nient than sachets of other manufacturers against
water absorption by the cement, and permits the
clinician to use any amount of powder without
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Fig. 8.8 MTA +material from Cerkamed, shown in vial,
having a white color

waste. Several articles have been written about
the properties of MTA Plus including reminer-
alization, anti-washout, and use as a root canal
sealer [25, 40, 69, 75, 84]. A product similar in
appearance to the white-version of MTA Plus is
marketed by Dentonics (Charlotte, NC, USA) as
Masterdent® MTA.

In 2013, several European companies intro-
duced MTA products that have 0.3 g “unit
doses” in triturator capsules containing powder.
When the capsules are squeezed to activate (like
an amalgam capsule), a separate compartment
with water is opened and the powder and water
are triturated. Harvard Dental International’s
(Hoppegarten, Germany) MTA, Micro-Mega
(Besancon, France) MM-MTA™, S&C Polymer
Silicon’s (Elmshorn, Schleswig-Holstein,
Germany) MTA cement, and MTA Caps by
Acteon (Merignac, France) all have unit-dose
triturator capsules (Fig. 8.10). These capsules are
sold in foil pouches, to protect the powder in the

capsule from humidity. Ironically, the capsules
also contain water for mixing. The water must
be sufficiently segregated to avoid harming the
powder during storage, or the shelf life will be
impaired.

The MTA Caps powder was analyzed
(Table 8.1) and found to contain tricalcium and
dicalcium silicate, tricalcium aluminate, about
18 % calcium carbonate, and 31 % calcium tung-
state (for radiopacity). A small amount of silica
and calcium chloride hydrate is included, which
presumably enhance handling and accelerate ini-
tial setting. MM-MTA is also said to have a
“faster set time” (20 min), achieved by the addi-
tion of calcium carbonate.

Other products are close to marketing such as
Trioxident (VladMiVa, Belgorod, Russia)’s NEX
MTA (Tokyo, Japan) cement or Endo-Eze MTA
by Ultradent (South Jordan, UT, USA). The
Trioxident product is a powder—water system,
with the powder sold in sachets. The powder has
some coarse particle but appears to be a conven-
tional MTA formula with bismuth oxide. The
NEX MTA is a powder-liquid system and the
powder is provided in sachets. The format of the
Endo-Eze MTA is unknown.

The spectrum of formulas, packaging, proper-
ties, and colors is widening. Undoubtedly, more
calcium silicate products will enter the market-
place in the coming years.

8.3 Experimental Products

In 2005-2010, experimental products from
Dentsply were described in the literature:
ProRoot MTA Advanced [79, 97] and ProRoot
MTA sealer (AKA Generex A and B, respec-
tively). The former had the usual periapical
and pulpal contact indications; the latter was
indicated only for root canal sealing. Although
the results were favorable for sealing [57, 99]
and bioactivity [99], these powder/gel products
have not been commercially introduced. The
experimental Dentsply products were disclosed
as being more radiopaque and having improved
handling compared to ProRoot MTA. Each prod-
uct had a unique liquid for use for its indications.
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Fig. 8.9 Particle-size comparison of ProRoot MTA (a) versus MTA Plus with (b)

Fig. 8.10 MTA Caps by Acteon showing the triturator
capsule and foil pouch

Another experimental product was Viscosity
Enhanced Root Repair Material (VERRM) [30]
which contained Portland cement, bismuth oxide,

and “other compounds” such as polyvinyl alco-
hol, polyethylene oxide, natural gums, cellulose,
or clay dispersions to improve the handling ver-
sus MTA. Cellulose and calcium chloride have
also been tested by others [10] for mixing with
MTA products.

Camilleri has been a forerunner in experimen-
tal materials by testing gray and white Portland
cements, with the addition of an industrial plasti-
cizer. The plasticizer improved the handling
(workability) and did not reduce biocompatibility
[26]. The absence of calcium sulfate in a trical-
cium silicate accelerated setting [18]. She did
pioneering work [19] in investigating the suit-
ability of MTA products for use as a sealer, when
MTA-type materials were mixed with Glenium®
(Degussa, Manchester, UK), a polycarboxylic
ether polymer, to attempt to meet the require-
ments of ISO 6876 for root canal sealers.

Ding has researched sol-gel-processed dical-
cium silicate cement for endodontics and possibly
bone cement. He used mixtures of the cement
with sodium phosphate dibasic (Na,HPO,) as an
accelerant [34]. Recently he reported on 3-Ca,SiO,
powder, combined with gelatin and chitosan oli-
gosaccharide (COS) solution in a liquid phase
[29]. Research has also been performed by his
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group regarding incorporating zinc oxide, magne-
sia, and iron oxide additions to tricalcium silicate
powders [63] for improved properties.

Gandolfi and Prati have tested Portland cement-
based materials (denoted as TC materials) using
variations that include montmorillonite (a type of
inorganic clay that is a layered phyllosilicate), cal-
cium chloride, and fluoride, sometimes mixed with
Articaine®. Their MTA formulas were as biocom-
patible as the ProRoot MTA product and more bio-
compatible than AH Plus® (Dentsply, Konstanz,
Germany) root canal sealer [42]. Other experimen-
tal formulas, also denoted as TC, used another white
Portland cement and showed the bioactivity of the
experimental materials [48], although the pushout
strengths of their experimental formulas were not as
high as for ProRoot MTA [61]. A promising light-
curable formula has also been reported [47].

An experimental material containing barium
sulfate, Portland cement, and undisclosed emul-
sifiers has been investigated. Like other Portland
cement products, implantation was equal to MTA
(Angelus) [51].

Asgary, the inventor of NEC, mentioned other
materials that were being developed for MTA-
type applications, but information on these
experimental materials was not available: Root
MTA (Salamifar in Iran) ([41]), Abyek cement
(Abyek company in Iran), Melcann cement or
Melcann white cement (Melcann cement in
Australia), and Saveh white cement (Saveh com-
pany in Iran) [7]. However, the latter three
cements seem to reference cement brands, not
dental companies or brands.

An experimental root canal sealer has been
reported in the literature, MTAS [96], having a
composition of 80 % white Portland cement with
zirconia for radiopacity. Its liquid contains water,
calcium chloride, and a “resinous vehicle” [81].

Many studies have used commercial Portland
cements as a substitute for MTA products on the
market and as the basis for experimental prod-
ucts [3, 7, 13, 14, 24, 31, 33, 35, 43, 45, 50, 58,
60-62, 65, 66, 74, 82, 8688, 90, 92, 100]. Often,
the focus has been on biocompatibility of the
Portland cements, usually cell culture studies, ver-
sus ProRoot MTA. Other studies have measured
the arsenic or other trace metal oxides in Portland

cements versus commercial products. The total
arsenic oxide content of the noncommercial pre-
production MTA powder was 5 ppm (unpublished
data, 2007), determined by inductively coupled
plasma technique (ICP), although the leachable
content would be less. Researchers disagree on
methods for arsenic determinations and the reports
of the amounts in commercial cements or MTA
products have varied, ranging from <1 ppm to over
50 ppm. The potential arsenic content has been
discussed [80], as a possible contaminant in com-
mercial Portland cements designed for construc-
tion, versus medical devices. The International
Standards Organization (ISO) 9917 document
limits the leachable arsenic content to 2 ppm for
water-based dental cements. No researcher has
reported a commercial construction grade Portland
cement that meets all the important attributes of
sealing, fine particle size, freedom from lead and
arsenic, and conformance to ISO 6876 standards
such as insolubility and radiopacity.

8.4  Alternative Formulas

Portland (calcium silicate) cement has been com-
bined with calcium aluminate cement for some
tests as a dental material. Monocalcium aluminate
cements should not be confused with the trical-
cium aluminate phase of Portland cements. The
monocalcium aluminates, hereafter referred to
as calcium aluminate cement, are commercially
used for high-temperature linings of furnaces and
as a coating in some sewer systems. The calcium
aluminate cements have the advantages of higher
early strength and greater resistance to acid
than calcium silicate (Portland-type) cements;
however, the calcium aluminate cements undergo
“conversion,” a reversible hydration reaction
at environmental temperatures, making them
unsound for massive construction. The main
setting reaction calcium aluminate cements at
body temperature is given in Eq. 8.4, which is a
dissolution—precipitation reaction.

6(Ca0- Al,0, )+ 24H,0

—2(Ca0)-ALO, -6H,0+4AI(OH),  (8.4)
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Calcium aluminate cements have higher strength
than the minor phase of tricalcium aluminate, pres-
ent in most Portland cements as described earlier.
Furthermore, some reactivity of the monocalcium
aluminate occurs with silica, which seems to con-
tribute to the Quick-Set material described below.

Capasio, now known as Quick-Set, is an
experimental material that has been investigated
as an MTA improvement. The Quick-Set system
includes a fine calcium aluminosilicate powder and
a water-based gel. This material is quick-setting,
washout resistant, and acid resistant [97]. Quick-
Set is chemically distinct from MTA because it
does not contain tri- or dicalcium silicate. This fine
aluminosilicate powder has been shown to pen-
etrate dentinal tubules [11] and to biocompatible
[38, 98]. EndoBinder material (Binderware, Sao
Carlos, SP, Brazil) is a calcium aluminate product,
which does not contain silica but is a water-setting
hydraulic material. EndoBinder has less MMP-2
activity than other hydraulic dental materials [89].
Other properties of Endobinder have been shown
to be favorable [1, 2, 49]. The monocalcium alu-
minate in EndoBinder and in Quick-Set pow-
ders is known to be more acid resistant, which is
beneficial for placing the cement in infected con-
ditions or for the placement of a composite, which
requires acid etching, over the cement.

Camilleri also tested combinations of calcium
aluminate, calcium silicate cements, and fluoride-
containing silicate cements with calcium sulfate
additions reporting adequate in vitro properties [15,
17], acceptable biocompatibility [16], and success-
ful reduction of the initial and final setting times.
While some companies have removed calcium sul-
fate, Camilleri added about 8 % CaSO, and a plasti-
cizer to achieve desirable test results. Dye leakage
was noted with these experimental materials [20],
but bacteria may be killed by the high pH of the
interstitial liquid in the cement, preventing harm
from leakage. Attack by acid on these predomi-
nantly tricalcium silicate materials did occur [21].

8.5 Root Canal Sealers

MTA-based root canal sealers are intrigu-
ing because of the biocompatibility of MTA
and its osteogenic potential for accidental

extrusion beyond the apex. The American Dental
Association (ADA) 57 and ISO 6876 require-
ments for root canal sealers are useful for evalu-
ating such root canal sealer products. These two
documents’ requirements and methods are identi-
cal with two exceptions. The ISO 6876 standard
uses a flow and working time sample of 0.05 ml
versus 0.5 ml for the ADA 57 standard. The
second difference is the ISO 6876 version has
no requirement regarding dimensional stability,
whereas the ADA 57 standard requires the lin-
ear dimensional stability over 30 days to be less
than 1 % shrinkage and less than 0.1 % expansion
(1 % <AL <+0.1 %.). Data from the literature
have been gathered in Table 8.2 for several mate-
rials discussed above. The requirements provide
a basis for comparisons; however, the standards
are not designed to compare clinical handling,
sealing of the canal, or clinical efficacy. The fol-
lowing discussion of MTA-containing sealers
refers to the methods of these standards.

The EndoSequence BC sealer of Brasseler is a
single paste sealer that contains a very fine trical-
cium silicate powder and an unidentified liquid
medium. The fill percentage of powder is also
undisclosed. Within the tooth, water must inter-
act with the powder, displace the medium, and
cause hydration and setting of the tricalcium sili-
cate around the gutta-percha. The sealer has been
reported to meet the ISO 6876 requirements [27,
101], as shown in Table 8.2. When used with
EndoSequence BC gutta-percha, some hydration
and bonding of the tricalcium silicate in the
gutta-percha can be expected with the sealer.
Howeyver, the benefits of this interaction have not
been published, such as, evidence that hydration
does bond the sealer to the gutta-percha. The
EndoSequence BC sealer’s setting time is quite
long (>24 h), depending on the testing methodol-
ogy, but zinc oxide eugenol (ZOE) sealers also
have a long setting time.

MTA Plus products are indicated for use as a
root canal sealer. The MTA Plus powders are
very similar in composition to the original MTA,
but the powder is finer and a gel is included, not
water. The finer powder and gel allows the small
film thickness to be achieved (<50 pm is
required) for a root canal sealer, which was not
possible with ProRoot MTA (Table 8.2), or in
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general, for construction grade Portland cements.
Setting time is less than 10 h in vivo, using the
ISO 6876 test method, when mixed to the con-
sistency needed for a sealer.

MTA Fillapex (Angelus, Londrina, Brazil) is a
two-paste root canal sealer that contains MTA
powder in a salicylate resin (Fig. 8.11). The 1,2
butylene glycol disalicylate resin creates a 35 min
working time and a 2:10 h setting time; however,
the sealer contains only 13.2 % MTA powder.
Studies are needed to find out if the MTA will
hydrate within the resin and if bioactivity occurs
in this format. If not, then the sealer’s resin carrier
is more similar to the pulp-capping material called
Dycal, without the calcium hydroxide. Studies
have shown Fillapex to be antibacterial but also to
be more soluble than AH Plus sealer [39].

Retreatability has been an issue regarding
MTA-based sealers, because of the challenge of
removing the old sealer before retreatment. Two
studies have shown that complete removal of the
EndoSequence sealer, Fillapex, and MTA Plus
sealers is not possible [56, 75]. No study has
shown that retreatment will be more or less
important for these sealers.

Endoseal by Maruchi is an MTA powder that
is mixed with water for use with gutta-percha
cones. This material is provided in a plastic vial
within a foil pouch for unit doses of 0.3 g. The
material is said to contain zirconia and no heavy
metals.

Endo CPM material (EGEO SRL, Buenos
Aires, Argentina), shown in Fig. 8.12, is a pow-
der-liquid system for use as a root canal sealer.
The composition is reported to be 50 % MTA
(Si0,, K,0, AlLO;, SO;, Ca0), 7 % SiO,, 10 %
CaCO0:s, 10 % Bi,0;, and 10 % BaSO,, with a lig-
uid containing 1 % propylene glycol alginate, 1 %
propylene glycol, 1 % sodium citrate, and 10 %
calcium chloride in water [52]. Small differences
from the stated formula were found by X-ray
diffraction as presented in Table 8.2. Bacterial
leakage for this sealer was reported to be worse
[77] and antibacterial action was less than AH
26 sealer (Dentsply International, Konstanz,
Germany) [73]. However, implantation studies
show equivalence to MTA and superiority to AH
Plus [85] and bioactivity [52].

MTA-FILLAPEX

eancelus

Fig. 8.11 MTA Fillapex shown in its 2-tube format (a)
and auto-mixing tip format (b)

Tech Biosealer products from Isasan SRL
(Rovello Porro (CO; Italy)) seem to be based on
the compositions of Gandolfi et al. [46, 53],
where a phyllosilicate is added to improve
handling of the tricalcium silicate powder. The
powder is a mixture of white CEM (presumably
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Fig. 8.12 CPM root canal sealer kit by EGEO, contain-
ing a powder and a “physiological” liquid

Portland cement), CaSO,, CaCl,, Bi,O;, “water-
swelling silicate” (montmorillonite), and NaF.
The liquid contains Dulbecco’s phosphate-
buffered saline (DPBS). The cement is milled
and heat-treated before packaging into kits with
capsules containing 0.27 g of powder, with one
vial of liquid containing 5 cm?® of DPBS. The
product is offered in three formats: root-end, pulp
capping, endodontic, and apexification. The four
product differentiations could not be discerned as
to which was best for root canal sealing.

8.6 Summary

A wide variety of commercial MTA-type materi-
als are now available for pulp-capping, endodon-
tic treatment, and root canal sealing, many
having improved characteristics and wider indi-
cations that the original MTA products. Several
products have finer particles, less “sandy” han-
dling, and faster initial or final setting. Adjuvants
are incorporated in some products for faster set-
ting achieved by the addition of fluoride, the
elimination of calcium sulfate, or an increase in
tricalcium aluminate phase. Additions to the
mixing liquid to speed setting include calcium
chloride, polycarboxylate, or various organic
resins. Several new products have enhanced cal-
cium content compared to the original MTA,
although the biological benefits of excess cal-

cium oxide or carbonate have not been substanti-
ated. A gel system has been developed (MTA
Plus) to reduce washout resistance and speed
setting. Even a light-cured MTA-containing
material is marketed. Depending on the product,
the radiopacity and the radiopacity agent may
vary. The product formats include bulk powder/
liquid containers (1-8 g), unit doses as small as
0.27 g in triturator capsules, or unit doses in cen-
trifuge tubes. All-purpose materials, for use for
all endodontic and pulpal indications, including
root canal sealer, are also available.

No studies have shown superior biocompati-
bility over the original MTA formula. Portland
cements normally used for construction have not
been shown to be biologically inferior, despite
their slow setting, impurities, low radiopacity,
and coarseness. The bioactivity of tri- and dical-
cium silicate powders, by the release of calcium
hydroxide during setting, dominate the biological
response. The resulting layer of HA masks the
underlying cement, reducing the opportunity for
leaching of any impurity into the tissues.

Major advances have been made to create
more convenient MTA products that have good
handling, faster setting, good radiopacity, wash-
out resistance, and resistance to discoloration.
However, no product has definitively improved
on the biocompatibility or bioactivity of the orig-
inal formula.

Key Terms/Definitions

Alumina Aluminum oxide Al,Os;.

Amorphous Lacking a crystalline structure
identifiable by x-ray diffraction.

Ceramic Inorganic, nonmetallic material, usu-
ally an oxide, but includes other compounds such
as sulfates, carbonates, sulfides, or carbides.
Bioceramic Any ceramic material that is used in
the body; includes all MTA products.

Calcia Calcium oxide, usually created by cal-
cining (heating) calcium carbonate (CaCOs;) to
release carbon dioxide.

Calcium aluminate cement A high-tempera-
ture (refractory) cement based on hydration of
Ca0-Al, 0,



168

C.M. Primus

Calcium hydroxide Portlandite, a reaction
phase of hydrating tri- or dicalcium silicates;
Ca(OH), or CH in cement notation.

Calcium silicate CaSiO;, AKA wollastonite, a
non-hydraulic compound of calcium oxide and
silica.

Calcium sulfate CaSO,, which may be present
as anhydrous, hemihydrate, and dihydrate.
Cement notation Abbreviations used for the
phases of Portland cement for brevity and
convenience.

Clinker The cement product, usually a particle
larger than 1 cm, that exits from a rotary kiln.
Component (1) The materials that are used
before firing a ceramic. For example, calcium
carbonate is used to make Portland cement; or (2)
the compound in a phase diagram to show the
interrelations of several components usually over
a range of temperatures.

Dicalcium silicate Belite, the second most com-
mon phase in Portland cement. Ca,SiO,, also
written as 2Ca0O-SiO, or C,S in cement chemist
notation.

Ettringite A hydrated calcium aluminum sulfate
mineral with formula (CaO)4(Al,05)(SO3);-32H,0
or (Ca0);(Al,05)(CaS0O,4);-32H,0, formed by
reaction of tricalcium aluminate with calcium
sulfate.

Ferrite Tetracalcium aluminoferrite; 4CaO-AlLO;-
Fe,0; also shown in cement notation as C;,AF.
Glass An amorphous (noncrystalline) ceramic,
usually based on silica but can also be based on
boron oxide or phosphorous oxide as the main
components.

Hydraulic material A powdered ceramic
material that hardens (sets) when mixed with
water.

Hydroxyapatite The mineral component of the
bone having the formula Ca,,(PO,)s(OH),.
Carbonated calcium-deficient hydroxyapatite is
the main mineral of dental enamel and dentin.
Kiln/rotary kiln A furnace capable for high
temperature (higher than 1,200 °C) for firing
materials such as Portland cement. A rotary
kiln rotates the feedstock (usually balls of
1-3 in. in diameter) to economically, uniformly,
and continuously fire (react and sinter) Portland
cement.

Minerals Compounds that are mined which may
vary in purity depending on the source. Some
deposits of minerals are one nearly pure phase, or
they may be a combination of phases or purities.
For instance, calcium carbonate sources can be
very pure, white calcium carbonate, with less
than 1 % or any other carbonate, such as stron-
tium carbonate or magnesium carbonate. Other
mines may have calcium carbonate mineral inter-
spersed with iron oxide; such raw material
sources will create a gray-colored Portland
cement by the presence of iron.

Mineral trioxide aggregate (MTA) An inor-
ganic powder composed primarily of tricalcium
and dicalcium silicates, usually with a radiopaci-
fier and other minor ceramic phases.

Nano-sized Particles that are close to a nanome-
ter (nm) in size, which is 1/1,000 of a micron (pm).
Phase A chemical compound that is present in a
material, uniquely identifiable by X-ray
diffraction.

Pozzolan, pozzolanic (1) A Portland cement that
has free silica added which reacts with calcium
hydroxide released from the Portland cement dur-
ing the hydration of its calcium silicate phases, or
(2) Roman-era cement that relied on the reaction
of calcium oxide, made by heating calcium car-
bonate, with silica to form calcium silicate
hydrates, via the reaction below, which differs
from the Portland cement hydration (Eq. 8.5):

Ca(OH), +H,SiO, — Ca*" +H,Si0,* +2H,0
— CaH,SiO, -2H,0 (8.5)

Portland cement A range of compositions
based on reacting calcia, silica, and alumina to
form powders containing tricalcium silicate and
dicalcium silicate, usually with some minor
phases. Calcium sulfate is commonly added to
the silicate powders to control and slow the set-
ting time for use in large scale constructions.
Type I and Type III are the common categories
for construction uses of Portland cement. The
properties are similar, but the Type III product is
a finer powder.

Silica Silicon dioxide, SiO,, usually amorphous,
but the quartz form is crystalline.
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Sintering A heating process for powders that
reduces the overall surface area by various atomic
movements, to cause a powder to form a solid
mass, and usually reduces porosity. For Portland
cement, the sintering process is concomitant with
the reaction process to create the calcium silicate
phases from the raw materials in the kiln.
Tricalcium aluminate Ca;Al,Oq, also written as
3Ca0-Al,0O;, or C;A in cement notation. A minor
phase in most Portland cements.

Tricalcium silicate Ca;SiOs, also written as
3Ca0-Si0, or as C;S in cement chemist notation.
The main component of Portland cement.
Zirconia Zirconium oxide, ZrO,

Ziron Zirconium silicate, ZrSiO;

Zirconates Compounds that combine another
oxide with zirconia into a unique compound such
as CaZrO;.

Tungstate Compounds that combine another
oxide with tungsten into a unique compound
such as CaWO,, which is commonly used for
radiopacity in dental materials.
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Mineral Trioxide Aggregate
and Evidence-Based Practice

Saeed Asgary

9.1 Introduction

This new millennium has seen a huge ‘informa-
tion explosion’; each day produces vast amounts
of data and knowledge in all branches of science.
Knowledge doubling studies indicate that the
trend of human data production has gradually
increased over time. Within the recent decades,
growth has become exponential, with significant
amounts of data being added regularly to the pool.

It has been estimated that the doubling time of
medical knowledge in 1950 was 50 years, in 2010
it was as little as 3.5 years, and in 2020, if this trend
continues, it will be a staggering 73 days [37]. It
means that students who began medical school in
2010 will experience roughly three doubling of
knowledge before graduation, whilst students who
graduate in the year 2020 will experience at least
four doubling of medical knowledge throughout
the course. Incredibly, medical knowledge till the
beginning of the third millennium is likely to be
less than 2 % of what will be known by 2020.

This exponential growth in medical/dental
knowledge has created new and complex problems
when clinicians wish to retrieve suitable informa-
tion. Numerous new scientific articles and journals
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are added to various databases each day. PubMed at
present is the most popular medical database cov-
ering 5,500 journals and more than 24 million cita-
tions, nearly 1 % of which are dental publications.
In the presence of this huge amount of data, the
question posed is: Are dental practitioners access-
ing and utilising the correct information? Clearly,
keeping up to date is an overwhelming task.

Such a task can only be efficiently carried out
by utilising the principles and methods of
evidence-based practice. EBP involves scientific
ranking of studies, selection of beneficial data
and summarisation of results from the selected
studies. Ultimately, these steps lead to a wealth of
information into a simple and coherent state-
ment: the clinical bottom line.

What Is ‘Evidence-Based
Practice’?

9.2

Aim
To define evidence-based practice (EBP) and to
introduce the steps of EBP.

The first and most important question is ‘what
is evidence-based practice?’ The term ‘evidence-
based’ was first described by Gordon Guyatt in
Canada in the early 1990s; now it is a very estab-
lished term in medical and dental glossaries.

Based on the book entitled Evidence-Based
Medicine: How to Practice and Teach EBM, by
Sackett et al. [95], EBP is a way of thinking and
working. It can be defined as a systematic approach
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to clinical problem solving which allows integra-
tion of (1) the best current/available evidence with
(2) our clinical knowledge/skills and (3) our
patient’s value/preferences. When these three ele-
ments are integrated, clinicians and patients form a
diagnostic and therapeutic alliance, which opti-
mises clinical outcomes and quality of life [95]. In
addition, EBP is not a static state of information
but rather represents a continuously developing
state of knowledge. In this systematic approach,
employment of the best valid evidence invalidates
or further elaborates previously accepted treat-
ments and replaces or strengthens their evidence
with proven successful and safe interventions.

To accomplish EBP, the following five steps
are essential: (1) constructing an answerable,
relevant and foreground clinical question; (2)
finding/collecting the best available evidence to
answer the question; (3) appraising critically
the evidence for its results/validity/relevance;
(4) pragmatic integration of the best current
evidence with the practitioner’s knowledge/
skills and the patient’s value/preferences; and
(5) self-evaluating and audit of the effectiveness/
efficiency of previous steps with a view to
improvement.

The main objective of EBP using these five
steps is the application of the best current evidence
in forming clinical decisions/actions to improve the
quality of the patient’s management and life. Dental
clinicians need to be familiar with the concept of
levels of evidence (LoE), have knowledge of cor-
rect appraisal of evidence and identify the grades
of recommendation (GoR). These significant skills
are discussed in detail in this chapter, alongside
with the aforementioned steps 1-3 entitled ‘end-
odontic practice with mineral trioxide aggregate’.
The application of the final two steps will be the
clinicians’ responsibility.

9.3 Levels of Evidence
and Grades
of Recommendation
Aim

To learn the different schemes of levels of evi-
dence and grades of recommendation available
when making clinical decisions.

Table 9.1 Levels of evidence according to study design
Level of
evidence
LoE1

Study design

High-quality meta-analyses and
systematic reviews of randomised
controlled trials (RCTSs), or

RCTs with a very low risk of bias
(high-quality RCTs)

High-quality semi-experimental studies,
or

LoE2

High-quality systematic reviews of cohort
studies, or

High-quality cohort studies with a very
low risk of confounding or bias and a high
probability that the relationship is causal,
or

High-quality systematic reviews of
semi-experimental studies, or

RCTs with a moderate-high risk of bias
(low-quality RCTs)

High-quality systematic reviews of
case-control studies, or

LoE3

High-quality case-control studies with a
low risk of confounding or bias and a
moderate probability that the relationship

is causal, or
Low-quality semi-experimental studies
LoE4 Case series, or

Case-control or cohort studies with a high
risk of confounding or bias and a
significant risk that the relationship is not

causal
LoE5 Case reports, or
Narrative reviews, or

Expert opinion

As a component of EBP, there are a range of
ranking systems that are used to sort published
studies into their respective levels of evidence
(LoE). These systems are designed as guidance
and can be very useful in acquiring a quick over-
view of the desirable LoE.

LoE is classified in many different ways; the
Oxford Centre for Evidence-Based Medicine and
the Scottish Intercollegiate Guidelines Network
(SIGN) are two of the best-known ranking sys-
tems worldwide. Using these two systems, a new
modified ranking system was developed in the
Knowledge Management Unit (KMU) of the
Iranian Center for Endodontic Research
(Table 9.1). In this ranking system, the strength
of published studies is determined in accordance
to their study designs and quality ranking.



9 Mineral Trioxide Aggregate and Evidence-Based Practice

175

High-quality systematic reviews and prospec-
tive randomised clinical trials (RCTs) with a very
low risk of bias (well-designed methodology) are
designated the highest rank (LoE1), followed by
high-quality semi-experimental studies or low-
quality randomised controlled trials (LoE2),
high-quality systematic reviews of case-control
studies (LoE3), case series (LoE4) and finally
case reports as well as an expert opinion (LoEY).
Notably, high-quality studies require stronger
research methodology, are more difficult to carry
out and consequently are rarer. Also, in vitro and
animal studies are not considered valid evidence
as the effects of materials/techniques in labora-
tory (in vitro) situations are not essentially the
same as in the human body; the intervention
outcomes are often dissimilar in animals and
humans and likely to be dissimilar within various
mammals.

When biomaterials like MTA become avail-
able to the dental market, they are usually sub-
jected to a number of studies conducted in vitro
or ex vivo assessment of their biological/chemi-
cal/physical properties. However, these usually
have no meaningful correlation with in situ clini-
cal situations; the results of a limited number of
review articles in the field of dental materials
have revealed that there are poor correlations
between laboratory test values and clinical per-
formance [20, 21, 50]. Further reports have
shown a lack of consistency between the results
of two bacterial and dye microleakage methods
for sealing ability of the same root-end filling
materials [57]. Therefore, as the results of these
methodologies do not have clinical significance,
the results of in vitro and animal studies are not
considered as valid evidence. As a final note,
diagnosis, prognosis and treatment topics require
different LoE for clinical application/decision.

Finding the appropriate evidence via search-
ing scientific databases is a difficult task due to
the large pool of individual studies available.
This usually requires clinicians to access and
critically appraise studies in order to classify the
LoE and assess the clinical application of the best
evidence. In contrast, summaries (systematic
reviews) assess and present evidences from pri-
mary individual studies and tend to alleviate the
need for accessing and appraising individual

studies, thus greatly facilitating evidenced-based
clinical decision-making.

In addition to individual original studies and
systematic reviews, there are also two other cat-
egories of clinical information resources named
synopses and systems. Synopses are summaries
of research evidence that usually include guid-
ance/advice regarding specific clinical applica-
tion by qualified experts. This form of guidance
externally assesses the evidence and provides
strengths and weaknesses for each study; there
are a limited number of synopses in dental lit-
erature. Systems are defined as textbook-like
resources that summarise clinical evidence with
other types of information directed at clinical
practice decisions; this type of evidence is also
limited but provides clear answers leading to
appropriate clinical action/care, i.e. ‘health tech-
nology assessment (HTA)’ and ‘evidence-based
practice guideline (EBPG)’. HTA is used for
the evaluation and determination of safety and
effectiveness of a new technology; for exam-
ple, new biotechnology of ‘MTA pulpotomy of
mature molars with irreversible pulpitis’ can be
evaluated in terms of effectiveness as well as
safety-related factors and social implications,
i.e. affordability, availability, accessibility and
acceptability. These studies usually evaluate
the ethical, social and economic implications of
a new technology on health status and health-
related quality of life for the general populations.
Like a bridge between the world of research and
decision-making, HTA studies help health poli-
cymakers adopt appropriate decisions and subse-
quently propagate, popularise and establish the
new technology.

Based on unbiased analysis of the best avail-
able evidence, numerous EBPGs have been
developed by medical associations or govern-
mental bodies as national/international recom-
mendations to guide high-quality patient care.
Typically, EBPGs can provide recommendations
for prevention and treatment of diseases; they
generally contain a simple summarised consen-
sus statement on best practice in health care. A
health-care provider is required to know the
EBPG of his/her profession and has to decide
whether or not to practise the recommendations
for that individual patient.
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Table 9.2 Grades of recommendation according to study
design

Grades of
recommendation
GoR-A

Study design

LoE1 documents, directly
applicable to the target
population

LoE2 documents, directly
applicable to the target
population, or

GoR-B

LoE1 documents, indirectly?
applicable to the target
population

LoE3 documents, directly
applicable to the target
population, or

GoR-C

LoE2 documents, indirectly
applicable to the target
population

LoE4 documents, directly
applicable to the target
population, or

GoR-D

LoE3 documents, indirectly
applicable to the target
population

LoES documents, directly
applicable to the target
population, or

GoR-E

LoE4 documents, indirectly
applicable to the target
population

*Selected population, major intervention and/or main out-
comes of the study are somewhat different to the present
clinical situation

Grades of recommendation (GoR) defined as
the strength of evidence for a recommendation is
determined by searching/reviewing all the related
literature on that subject. The number and quality
of available related literature should be used as
the basis for ranking the recommendation. Most
of the multiple grading schemes are based on
LoE. The definitions of GoR used in this chapter
are modification of those used in the classification
system proposed by the Scottish Intercollegiate
Guidelines Network (SIGN). Grades of recom-
mendation are usually stated with letters. In this
modified GoR, constructed in the Knowledge
Management Unit (KMU) of the Iranian Center
for Endodontic Research, grades A to E stand for
good- to poor-quality evidence for recommending
intervention (Table 9.2).

9.4 Framing a Foreground

Question (Using PICO)

Aim

To present the process of formulating an accurate
and effective foreground Population, Intervention,
Comparison and Outcome (PICO) question.

A good question is half the science. (Hasan-ibn Ali
Alayhis-salam)

In current clinical practice, answering to rele-
vant questions requires special types of data/
information. An imprecise question results in an
imprecise answer; the more specifically we can
formulate the question, the greater our chance of
getting a decent answer in dental literature.
Formulating a high-quality and answerable ques-
tion is the preliminary step of EBP.

Sackett et al. identified two types of questions:
background and foreground [95]. Background
questions are general knowledge questions and
are usually answered by original articles (primary
resource), review articles (secondary resource)
and textbooks (tertiary resource); review articles
are the best source as they condense and sum-
marise evidence derived from original studies.
These articles cover a broad topic, are rich sources
of background information, are usually read-
ily available and provide numerous references.
Background questions typically have two parts: a
question root, ‘i.e. what, why, when, where, who
and how?’ and ‘the name of a disease/treatment’.
For example, “What is irreversible pulpitis?’ or
‘How do I perform primary molar formocresol
pulpotomy?’ Dental students and junior residents
most frequently ask background questions.

Foreground questions concentrate on specific
information required for clinical decision/actions
and include questions of diagnosis, treatment
or prognosis of a disease, e.g. Can irreversible
pulpitis be accurately diagnosed clinically? and
Is root canal therapy the only treatment avail-
able? These questions are best answered by
searching the high-LoE published articles, not by
textbooks; foreground questions are the most fre-
quent type of questions generated by senior resi-
dents and clinicians. Generally, the question must
be phrased in a way that directs the subsequent
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search to relevant and precise answers. Finding
an accurate answer in scientific literature can
be attained by subdividing the foreground ques-
tion into four parts: (P) Patient(s)/Problem, (I)
Intervention, (C) Comparison and (O) Outcomes;
the acronym PICO helps to remember the key
components of a clear and well-focused question.
The question needs to identify the main problem
of the patient, the main intervention/treatment
considering the patient’s problem, the standard
management, and the effectiveness/outcome(s)
of interest. A PICO feature is also accessible on
PubMed (http://pubmedhh.nlm.nih.gov).

PICO formulating method provides a concep-
tual framework for more effective searching. An
example for a single, well-focused and clearly
identified foreground question is: ‘In children
with asymptomatic pulp exposure (P) how does
MTA pulpotomy (I) compare with conventional
formocresol pulpotomy (C) for the successful
clinical and radiographic outcomes (0)?’

9.5 Finding the Evidence

Aim

To develop a research strategy in order to locate
and find published high-level evidences in that
field of dentistry.

After framing a PICO question, the next step
is good literature search for evidence with the
highest LoE. Searching for evidence is a difficult
and time-consuming task, particularly with the
rapid growth of knowledge in peer-reviewed pub-
lished literature. To identify relevant studies, the
search strategy may include hand searching of
hard copies or electronic searching of databases
and search engines; however, hand searching is a
difficult job for clinicians and even researchers.

Question type (i.e. aetiology, diagnosis, treat-
ment and prognosis) can play a significant role to
determine the best source of evidence. For exam-
ple, a PICO treatment question regarding ‘outcome
comparison of current best practice with a new ther-
apy’ needs to find LoEl1 studies from the Cochrane
Library, Medline (PubMed) and evidence-based
websites (i.e. The Dental Elf); however, for a

prognosis question, searching Medline (PubMed)
alone for cohort studies suffices.

The Cochrane Library is the best source of
summarised high-quality systematic reviews of
randomised controlled trials, named Cochrane
Reviews. Cochrane researchers usually perform
hand searching as well as searches of Medline
(PubMed) and Embase databases to identify
studies that are relevant to the question they are
trying to answer. Then, the quality of studies
found is carefully assessed using valid quality
scales such as Delphi or van Tulder Lists. They
apply statistical analysis to compare the data
of the clinical trials and to create a systematic
review which usually gives the best current word
on the effectiveness/efficacy of an interven-
tion. The reviews are available at http://www.
thecochranelibrary.com.

If there are no Cochrane reviews that can
answer the PICO question, the next step is search
PubMed. PubMed is a free search service of the
US National Library of Medicine (NLM) that
collects >22,500,000 citations from 5,500
indexed journal on life sciences and biomedical
topics; 13,326 million articles are recorded with
their abstracts, and 14,369 million articles have
links to full text; there are 3,916 million free full-
text articles. A staggering 700,000 new articles
were added to the database in year 2012. This
useful and easy-to-use bibliographic database
contains titles, citations, keywords and abstracts
for most of the peer-reviewed scientific biomedi-
cal literature dating back to the 1950s. PubMed is
part of the Entrez information retrieval system
accessing primarily the Medline database and
was first released in January 1996.

Simple search strategies on PubMed can be
a mix of controlled vocabulary such as Medical
Subject Headings (MeSH) terms and free text
or keywords related to a PICO question which
enter into search window (http://www.ncbi.nlm.
nih.gov/pubmed/). PubMed automatically trans-
lates the term/words and adds field names, rel-
evant MeSH terms and synonyms, which greatly
enhances the search formulation; i.e. ‘causes
pulpitis’ is translated as (“etiology”’[Subheading]
OR “etiology”[All Fields] OR “causes’[All
Fields] OR “causality’[MeSH Terms] OR


http://pubmedhh.nlm.nih.gov/
http://www.thecochranelibrary.com/
http://www.thecochranelibrary.com/
http://www.ncbi.nlm.nih.gov/pubmed/
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“causality”’[All Fields]) AND (“pulpitis”’[MeSH
Terms] OR “pulpitis”’[All Fields]). This simple
broad search is likely to find most of the relevant
articles; however, it may also retrieve many irrel-
evant citations. The appropriate use of Boolean
operators AND, OR and NOT is a reliable way
to control searches and retrieves a good degree
of relevant citations. In addition, applying lim-
its such as human versus animal research, age
groups, year of publication, language and more
importantly publication types reduces the num-
ber of irrelevant hits and usually uncovers the
highest level of evidence.

Clinical Queries filter is a unique feature of
PubMed tools and provides a quick/simple way
to search ‘Clinical Study Categories’, as well as
‘Systematic Reviews’ subjects. The Category
and Scope methodological filters can retrieve
clinically relevant studies with significant preci-
sion. It was shown that ‘systematic reviews can
be retrieved from Medline with close to perfect
sensitivity or specificity, or with high precision,
by using empirical search strategies’ [67].

Assessing the evidence-based synopses such
as The Dental ELF or critically appraised topic
such as UTHSCSA Dental School CAT Library
are another options for finding the required evi-
dence. These databases show CATs or synopses
of individual studies that have been critically
appraised and include evidence-based journal
reviews, critically appraised topics and clinical
evidence.

There are a few useful evidence-based
dentistry resources on the Internet including
‘Journal of Evidence-Based Dental Practice’
and ‘Evidence-Based Dentistry’ journals as well
as websites such as “The Centre for Evidence-
Based Dentistry’. The two journals report on
high-quality clinical studies that can impact den-
tal practice. In addition, ClinicalTrials.gov as a
service of the US National Institutes of Health is
a registry site and searchable database of clini-
cal trials in progress which are being conducted
around the world. Even then the clinician is
required to use his/her own critical appraisal.

Locating and exploiting print and electronic
resources has normally been the role of the librar-
ian; therefore, assistance of an expert familiar

with various electronic resources, search terms
and search strategies is always valuable.

9.6 Interpreting the Best

Evidence (Critical Appraisal)

Aim

To focus on the skills necessary to critically eval-
uate and weigh information concerning the effec-
tiveness of a new intervention.

Many clinicians believe that a wide range of
study types can be brought to bear on answering
clinical questions; undoubtedly, that is an
accepted initial concept [94]. However, for an ‘A’
grade evidence-based clinical recommendation
(GoR-A) regarding a treatment topic, the best
level of evidence includes results from high-
quality meta-analyses/systematic reviews of
randomised controlled trials or high-quality ran-
domised controlled trials. This chapter focuses
on such evidences, as the next level of the recom-
mendation (GoR-B) might be from low-quality
conducted meta-analyses/systematic reviews of
good trials or high-quality conducted of fair stud-
ies (Table 9.2), which are both insufficiently
powered.

Development of critical appraisal skills is
essential for clinicians to have an evidence-based
approach to practice; the individual practitioner
should be able to review and rate the evidence.
However, time can be saved by looking for
sources of summarised LoE1; the first port of call
and the easiest is searching the Cochrane Library
for Cochrane Reviews. If a suitable paper is not
found, we would recommend searching Medline
via PubMed for systematic reviews and ran-
domised controlled trials.

There is a general consensus that systematic
reviews provide the highest evidence; however,
they are not equally reliable and successful in
minimising bias. A number of techniques are
available to assess the methodological quality of
systematic reviews; amongst which is AMSTAR
(a measurement fool to assess systematic
reviews), a reliable and valid measurement tool
that has been widely accepted and utilised [101].
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It consists of eleven items with good face and
content validity (available at http://www.amstar.
ca/Amstar_Checklist.php); when all the checklist
items have been fully addressed, a well-done
systematic review is established.

Published randomised controlled trials in peer-
reviewed journals also have different quality and
level of evidence. The LoE provided by a ran-
domised controlled trial depends on the ability of
the study design to minimise the possibility of bias.
To assess the risk of bias, the methodological qual-
ity of randomised controlled trials is commonly
evaluated using various quality scales. It was
reported that there are more than 20 scales and
associated modifications to assess the quality of
randomised controlled trails [81]. Most of these
scales have not been adequately developed for
assessing the internal and external validity of trails.

Internal validity is the degree to which
research results are likely to be correct and free
of bias. It usually reflects the extent to which
the trial meets the criteria of random allocation,
concealment, baseline comparability, blinding
of patients/therapist(s)/assessor(s), withdrawal/
dropout rate/reasons and statistical analysis.
Internal validity is a prerequisite for external
validity. External validity refers to the ability to
generalise the results of a trial to other settings/
populations outside the experimental situation;
this is also called generalisability.

There are usually five main items in the vari-
ous quality assessment scales; these consist of
patient selection, blinding, interventions, out-
comes and statistics. Jadad scale is the most
common tool for ‘pain’ research assessment;
however, it contains very few items (n=5). On
the other hand, Nguyen scale, which is based on
generally accepted methodological criteria for
evaluation of ‘dental injury’ trials, contains too
many items (n=100). The 9-item Delphi List, as
a generic criteria list, was developed by interna-
tional consensus and introduced in 1998 [119]. It
was reported that this list is the original source
for most of the quality scales. The Cochrane
Collaboration Review Groups (CCRG) also used
the Delphi List for their analysis in more than
2000 reviews before 2003. More recently, CCRG
adopted the van Tulder List with 11 items as the

latest modification of the Delphi List for many of
its systematic reviews [118]. This criteria list has
been adequately developed and tested for face
and content validity and reliability. A modified
van Tulder comprehensive list was adapted by
our KMU, which consists of the following items:

1. Patient selection (i) randomisation, (ii) alloca-
tion concealment and (iii) groups’ similarity
at baseline

2. Blinding (iv) of outcome assessor(s), (v) care
provider(s) and (vi) patient(s) and also cali-
bration (vii) of outcome assessor(s)

3. Interventions: (viii) avoidance of
interventions, (ix) adequate follow-up period,
(x) description of withdrawal and dropouts,
(xi) comparison of the outcome assessment
timing in all groups, (xii) relevant outcomes,
(xiii) adequate sample size and (xiv) using of
objective outcome measures

4. Statistics (Xv) intention-to-treat
(Table 9.3)

These criteria can be scored as yes (+1), or no/
don’t know (0). The quality score of randomised
controlled trials is computed by counting the
number of positive scores. A published study
reporting a randomised controlled trial could
therefore receive a modified van Tulder score of
between 0 and 15 (strongest evidence).

COo-

analysis

9.7 MTA in Clinical Practice

9.7.1 Background

A recent study that conducted a keyword search
‘mineral trioxide aggregate’ in PubMed found
1,024 published articles from 1993 till August
2012 [17]. Only ~5 % were classified as LoEl;
Iran, Brazil and the UK ranked highest for
providing LoE1 MTA articles. MTA was first
introduced for repair of lateral root perforations
as well as root-end fillings in 1993 [58, 115].
After FDA approval of the material in 1998,
Prof. Torabinejad, the inventor of this novel
biomaterial, described the clinical procedures
for four applications of grey-coloured ProRoot
MTA based on 19 published in vitro and ani-
mal studies; these include direct pulp capping
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Table 9.3 Modified van Tulder List

Yes/no/don’t
know

(i)  Was an appropriate method of
randomisation performed?
(i) Treatment allocation: Was the
treatment allocation concealed?
(iii) Were the groups similar at
baseline regarding the most
important prognostic indicators?
‘Was the outcome assessor(s)
blinded?

(v)  Was the care provider(s) blinded?

@iv)

(vi) Was the patient(s) blinded?

(vii) Was the outcome assessor(s)
calibrated?

(viii) Were the co-interventions
avoided?

(ix) Was the follow-up period
adequate?

(x)  Were withdrawal and dropout
rates described and acceptable?
(>85 %)WCA

(xi) Was the timing of the outcome
assessment comparable in all
groups?

(xii) Were relevant outcomes used?

(xiii) Was the sample size adequate?

(xiv) Were the outcome measures
objective?

(xv) Did the analysis include an

intention-to-treat analysis?

(permanent teeth with reversible pulpitis),
apexification, repair of root perforations and
root-end fillings [112].

To overcome the potential discolouration of
tooth structure with grey MTA in aesthetically
sensitive areas, a new type of MTA with a tooth-
coloured formula was introduced. However, there
are few reports which discuss the new white
ProRoot MTA discolouration effect.

The introduction of MTA as an excellent seal-
ant of the pathways of the pulp (inner and outer
dental surfaces) has made a great worldwide
impact in endodontic and general dental prac-
tice. The new millennium has seen the introduc-
tion of numerous brands of MTA and MTA-like
materials worldwide as well as additional uses
and applications of this biomaterial which are

described in detail in this book. Many published
studies showed favourable outcomes for
additional clinical applications for different types
of MTA including vital pulp therapies in primary
teeth as well as permanent teeth with established
irreversible pulpitis, revascularisation treatments,
management of internal and external root resorp-
tion and root canal obturations. The various clini-
cal applications of MTA are discussed in detail
in Chap. 6.

A Cochrane Library search up to April 2013
amongst ~7,800 records revealed less than 200
reviews published in the field of dentistry/end-
odontics and just two reviews that only men-
tioned the name of MTA: ‘Pulp management for
caries in adults: maintaining pulp vitality’ and
‘Pulp treatment for extensive decay in primary
teeth’ [66, 70].

In the first review, however, the results
revealed that there is no definitive conclusion as
‘the most effective method of pulp treatment of
asymptomatic carious teeth’; the authors stated
that there has been a recent move towards using
alternative materials and methods such as the
direct/indirect placement of bonding agents and
mineral trioxide aggregate for the management
of the pulp in extensively decayed teeth. They
concluded that ‘further well-designed random-
ized controlled trials are needed to investigate the
potential of contemporary materials which may
be suitable when used in the management of cari-
ous teeth’. In the second review, the authors also
stated that more evidence of effectiveness is
required for mineral trioxide aggregate pulp
treatment technique.

It is disappointing that after 20 years of intro-
ducing MTA in the dental world there are no
high-quality Cochrane reviews discussing its
clinical applications. However, we hope that in
the near future such reviews will be formulated.
Accordingly, data locating, finding and collection
in this chapter will be based on electronic
searches of the PubMed (Medline; 1966 to April
2013), The Dental ELF, UTHSCSA Dental
School CAT Library, Journal of Evidence-Based
Dental Practice as well as Evidence-Based
Dentistry and ClinicalTrials.gov.
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9.7.2 Mineral Trioxide Aggregate
for Root-End Fillings

PICO Question

When endodontic surgery is indicated, how
does MTA compare to other root-end filling
materials in terms of clinical and radiographic
outcomes?

9.7.2.1 Definition

Surgical endodontics is an important treatment
option for teeth with persistent apical periodonti-
tis (AP). It usually includes pathological tissue
removal, root-end resection, root-end cavity
preparation and finally insertion of a root-end
filling material; the filling material seals the root
canal contents and thus prevents exit of microor-
ganisms and their by-product into the periradicu-
lar tissues.

MTA was first introduced as a root-end fill-
ing material, and it has shown good sealing
property compared to traditional filling materi-
als in vitro and favourable biocompatibility
ex vivo as well as in animal studies [113]; it
stimulates hard tissue healing in surrounding
tissues particularly cementogenesis in animal
models [12, 114]. There are many case reports
and clinical studies that show positive out-
comes; however, there are a few randomised
controlled trials as discussed below.

Apical/periradicular periodontitis (AP) is
a type of periodontal disease usually with an
endodontic origin. The disease presents itself
as a low-grade inflammation of the periodon-
tium in the area around the main entrances of
the root canal system at the root apex or vari-
ous levels along the root surface of a tooth
and is usually asymptomatic (chronic form).
The inflammation is generally accompanied
by bone destruction which allows radio-
graphic detection of AP. Appearance of symp-
toms such as pain, swelling and impaired
function is an indicator for acute form of AP.
It is generally agreed that either newly
developed or persistent AP in radiographic
examination is a sign of failed endodontic
treatment.

9.7.2.2 Incidence/Prevalence

A systematic review of epidemiological studies
in 2012 on more than 300,000 teeth from 33 stud-
ies mostly performed in developed countries
demonstrated that the prevalence of endodonti-
cally treated teeth is very high, broadly equiva-
lent to two treatments per patient with 36 %
failure rate (persistent AP) [83].

9.7.2.3 Aetiology

Persistent AP after endodontic treatment is an
indication of inflammation of periodontal liga-
ment which is usually due to microbial invasion.
There is a dynamic process at the interface of root
canal system (the source of microbial invasion in
necrotic teeth) and host defence in periodontal tis-
sues. This leads to breakdown of both soft and
hard periapical tissues. However, in a vital tooth,
the inflammation of the periodontal ligament is
usually caused by immunological mediators.

9.7.2.4 Prognosis

When AP persists after endodontic treatment, a
more complex therapeutic situation arises than in
untreated teeth with AP [72]. Hence, the progno-
sis of AP after surgical endodontic treatment is
related to a number of factors, including age
[odds ratio (OR), 2.5; confidence interval (CI),
1.01-6.00], preoperative root-filling length (OR,
3.4; CI, 1.34-8.76) and size of the surgical crypt
(OR, 1.9; CI, 1.19-3.16) [19], as well as inter-
proximal bone levels at the treated tooth (OR,
5.10; CI, 1.67-16.21), the type of root-end filling
material used (OR, 7.65; CI, 2.60-25.27) [120]
and the position of treated teeth (OR, 3.52; CI,
1.78-6.96) [103]. According to the results of
these three prognostic studies, treatment outcome
was superior in subjects older than 45 years, in
anterior teeth, tooth with inadequate (versus ade-
quate) root canal fillings, surgical crypt smaller
or equal to 1 cm, bone level from the cementoe-
namel junction more than 3 mm and root-end fill-
ings with ProRoot MTA.

9.7.2.5 Aim of Treatment
The main aims of endodontic surgery are the
eradication of microbial factors and prevention
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Table 9.4 Results of four ranked randomised controlled trials using MTA as root-end filling material

Teeth Intervention Control Follow-up Radiographic results
Study (year) (no.) (no. of teeth) (no. of teeth)  (month) (success) Significance
Christiansen et al. 52 MTA (n=26) gutta-percha 12 MTA (85 %); Yes (P
[32] (n=26) gutta-percha (28 %) <0.001)
Chong et al. [31] 122 MTA (n=64) IRM (n=58) 12 and 24 MTA (84 %, 92 %); No

IRM (76 %, 87 %)

Song and Kim 260 MTA (n=130)  Super EBA 12 MTA (95.6 %); No
[104] (n=130) Super EBA (93.1 %)
Lindeboom et al. 100 MTA (n=50) IRM (n=50) 12 MTA (92 %); IRM  No
[60] (86 %)

of reinfection by establishing a hermetic api-
cal seal with an ideal root-end filling material.
Historically, root-end filling materials such as
silver amalgam, Cavit, gold foil, polycarboxyl-
ate cement and zinc phosphate cement were sug-
gested, as well as glass ionomer, composite resin,
reinforced zinc oxide eugenol cements [interme-
diate restorative material (IRM), super ethoxy-
benzoic acid (EBA)], calcium-enriched mixture
(CEM) cement and mineral trioxide aggregate
biomaterials.

9.7.2.6 Outcomes

The desired outcomes of an intervention are the
absence of clinical signs/symptoms of inflamma-
tion/infection as well as radiographic resolution
of a persistent AP in the long term. Clinical suc-
cess rates are usually higher than success rates
from radiographic evaluation because AP may be
asymptomatic clinically; accordingly, the out-
come should be mainly extrapolated from the
radiographic evaluation.

The radiographic appearance of the periapical
area will reflect the gradual stages of AP healing.
A common scoring system for radiographic
assessment of apical periodontitis, the periapical
index (PAI), was introduced by @rstavik in 1986
[82]. However, several recent studies have shown
that cone-beam computed tomography (CBCT)
is more sensitive in detecting AP compared to
conventional radiography [35]. In other words,
conventional radiography is more likely to miss
AP; however, CBCT is not recommended as rou-
tine diagnostic tool due to its high cost and patient
exposure.

9.7.2.7 Methods of Search
and Appraisal

Studies dating back to 1966 were located by
searching PubMed (Medline). The main search
terms were systematic review(s) or randomised
controlled trial(s) or clinical trial(s), min-
eral trioxide aggregate and surgery. We also
searched The Dental ELF, UTHSCSA Dental
School CAT Library, Journal of Evidence-
Based Dental Practice as well as Evidence-
Based Dentistry and ClinicalTrials.gov for the
keywords ‘mineral trioxide aggregate’. Only
English-language trials were assessed. Using
modified van Tulder List and AMSTAR check-
list, randomised controlled trials and systematic
reviews of randomised controlled trials were
scored, respectively.

9.7.2.8 Efficacy

Our search found four randomised controlled
trials [31, 32, 60, 104] (Table 9.4) and one
systematic review [111]. The only systematic
review found in this field, collected and ana-
lysed quasi-controlled trials as well as ran-
domised controlled trials; therefore, the review
was classified as LoE2. Four randomised
controlled trials provided evidence that MTA
significantly increases the radiographic suc-
cess rate in comparison to no root-end cavity
preparation and filling control (gutta-percha
smoothed); however, such outcomes are sim-
ilar with IRM and Super EBA. There are no
randomised controlled trials to compare MTA
with many other root-end fillings such as amal-
gam and CEM cement as yet.
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9.7.2.9 Drawbacks
Long setting time of MTA is a known drawback
of the material for root-end filling [84].

9.7.2.10 Comments

A recent study reported that the 5-year prognosis
of post-endodontic surgery to be 8 % poorer than
the 1-year prognosis [120], showing that recall
time can influence analysis of treatment out-
comes. In addition, the similarity between the
treatment outcomes in the intervention and con-
trol groups in three randomised controlled trials
[31, 60, 104] reveals that ‘expected power of
study’ was dissimilar to ‘observed power’ at the
end of the trials. Furthermore, there are limita-
tions in small clinical trials versus large multi-
centre trials that are often better representatives
of a population [87]. Therefore, a greater body of
evidence is required to reach definitive conclu-
sions regarding MTA as a gold standard root-end
filling material in routine clinical practice. There
is still a need for prospective, multicentre, long-
term and large-scale randomised controlled trials
for making evidence-based decisions.

Clinical Bottom Line

To answer the PICO question, randomised con-
trolled trials that have LoE] and GoR-A demon-
strate that in surgical endodontics:

1. MTA as root-end filling has better radiographic
success rates than heat smoothing of the ortho-
grade gutta-percha (no root-end filling).

2. MTA as root-end filling has similar radio-
graphic success rates with IRM in single-
rooted teeth.

3. MTA as root-end filling has similar radio-
graphic success rates with Super EBA after
endodontic microsurgery.

9.7.3 Mineral Trioxide Aggregate
for Vital Pulp Therapy
of Primary Teeth

PICO Question

In case of pulp exposures in primary teeth, how
does MTA pulp cover compare with other pulp
covering agents in terms of treatment outcome?

9.7.3.1 Definition

Vital pulp therapy (VPT) techniques consist of six
definite treatments. From the least to most inva-
sive are non-invasive stepwise excavation [62],
indirect pulp capping (IPC), direct pulp capping
(DPC), miniature pulpotomy (MP) [9], partial or
Cvek pulpotomy (PP) [33] and full/coronal pulp-
otomy (FP). Clinicians can employ these tech-
niques in either primary or permanent teeth.

The surgical removal of the entire coronal
pulp, i.e. full pulpotomy, is a common treatment
modality to maintain functionality of primary
molar teeth with carious/traumatic pulp expo-
sures which would otherwise be extracted.

Treatment approaches for the pulpotomy
of primary teeth consist of devitalisation, pres-
ervation or regeneration using various mate-
rials including formocresol, ferric sulphate,
calcium hydroxide, calcium-enriched mixture
(CEM) cement, Portland cement (PC) and MTA.
Currently, formocresol pulpotomy is the most
common treatment approach worldwide; how-
ever, in recent years, clinicians and research-
ers have voiced their concerns about the safety
of formocresol use in paediatric dentistry (i.e.
mutagenicity, carcinogenicity and immune sen-
sitisation). It seems that modern pedodontics/
endodontics has recently shifted the objective of
pulpotomy from devitalisation to revitalisation/
vitalisation: infected/inflamed coronal pulp is
amputated, and the radicular pulp is covered with
biomaterials to induce a favourable biological
response. In other words, regeneration of dentinal
bridges over uninflamed remaining pulp recreat-
ing an effective biological seal [64].

Direct pulp capping (DPC) is a less invasive
treatment than pulpotomy; though, due to
reported unwanted treatment outcomes of CH
pulp capping (i.e. internal resorption, pulp calci-
fication, etc.), this treatment modality is rarely
employed in primary teeth. However, recent evi-
dence demonstrates that this treatment option can
be effective if good coronal seal is provided.

9.7.3.2 Incidence/Prevalence

The prevalence of dental caries in the primary
dentition for children aged 2-5 years increased
from 24 % in 1988-1994 to 28 % in 1999-2004,
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according to the most recent data released by the
US Department of Health and Human Services
(www.cdc.gov/nchs/data/series/sr_11/sr11_248.
pdf). A recent Cochrane review stated that the
overall mean incidence of pulp exposure after
complete caries removal is 34.7 % for the man-
agement of dentinal caries in previously unre-
stored primary and permanent teeth [92].

9.7.3.3 Aetiology

Vital pulp therapies (VPT) of primary teeth are
most often necessitated by progression of caries
into/close to the pulp and are usually indicated
due to removal of all caries/soft demineralised
dentine by the dentist as well as traumatic inju-
ries to the teeth.

9.7.3.4 Prognosis

It was reported that pulpotomy success rate for
teeth restored with a stainless steel crown was
higher than for those restored with amalgam [105].

9.7.3.5 Aim of Treatment

(Intervention)
The objective of VPT in primary dentition is pulp
dressing to relieve sensitivity/pain and also to
prevent the supporting periodontal tissues from
breaking down up to exfoliation time.

9.7.3.6 Outcomes
The main outcome measure for determining clin-
ical success is the absence of spontaneous pain,
abscess, sinus tract or pathologic mobility; radio-
graphic success is determined according to the
absence of furcation/periapical lesion, internal or
pathologic external resorption and root canal
obliteration as well as the presence of a normal
periodontal ligament.

Note: Many researchers have reported cases
of canal obliteration as success.

9.7.3.7 Methods of Search

and Appraisal
Studies dating back to 1966 were located by
searching PubMed (Medline). The main search
terms were [systematic review(s) or randomized
controlled trial(s) or clinical trial(s)] and [mineral
trioxide aggregate] and [pulpotomy or vital pulp

therapy or primary molar/teeth]. We also searched
The Dental ELF, UTHSCSA Dental School CAT
Library, Journal of Evidence-Based Dental
Practice as well as Evidence-Based Dentistry
and ClinicalTrials.gov for the key term ‘mineral
trioxide aggregate’. Only English-language trials
were assessed. Using modified van Tulder List
and AMSTAR checklist, RCTs and systematic
reviews of RCTs were scored respectively.

9.7.3.8 Efficacy

MTA Versus Formocresol Pulpotomy

The only Cochrane review assessing pulp therapy
for extensive decay in primary teeth concluded
that based on the randomised controlled trials
available, there is ‘no reliable evidence’ support-
ing the superiority of one type of treatment/mate-
rial over the other for pulpally involved primary
molars and that ‘high quality randomized con-
trolled trials, with appropriate unit of randomiza-
tion and analysis are needed’ [70]. As this review
was published in 2003 and several systematic
reviews as well as randomised controlled trials
have been published thereafter, more recent
research should be analysed.

The result of our search reveals that three sys-
tematic reviews [74, 85, 102] as well as 19 ran-
domised controlled trials [2, 3, 5, 8, 40, 43, 47,
49, 51, 52, 54, 69, 71, 75, 106, 107, 109, 110,
125] (Table 9.5) compared the success rates of
MTA alone with formocresol pulpotomies. One
of systematic reviews collected and analysed
clinical trials as well as randomised controlled
trials [74]; therefore, the review was classified
as LoE2. Based on the date of publication and
selection criteria, six randomised controlled trials
were included in each of two remaining reviews.
Four of these RCTs are the same, and totally eight
randomised controlled trials were included in the
two reviews (Table 9.6) [2, 3, 40, 47, 51, 54, 71,
75]. The results of the two systematic reviews are
identical, and the meta-analysis [85] indicated
that ‘clinical and radiographic finding show that
MTA is superior to formocresol in primary molars
pulpotomy resulting in a lower failure rate, with
the relative risk being 0.32 (CI, 0.11-0.90) and
0.31 (CI, 0.13-0.74), respectively’; in addition,
MTA has less undesirable sequelae.
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Table 9.5 Results of nineteen ranked randomised controlled trials comparing MTA and formocresol pulpotomy agents

in primary teeth

Final
MTA no. of Formocresol radiographic
Teethno.  teeth no. of teeth  Follow-up  Final clinical results results
Study (year) (dropout)  (dropout) (dropout) (month) (success %) (success %)
Srinivasan and 100 (7) 50 (3) 50 (4) 3,6,9,12 MTA=100; FC=91.3¢ MTA=95.74;
Jayanthi [107] FC=78.26*
Jabbarifar et al. [54] 64 (0) 32 (0) 32 (0) 6,12 MTA=93.75; FC=90.6
Holan et al. [51] 64 (2) 33 (0) 31(2) 4-74 MTA=97; FC=83
Moretti et al. [69] 30 (1) 15 (1) 15 (0) 3,6, 12, MTA=100; FC=100
18, 24
Naik and Hegde 50 (3) 25 (1) 25 (2) 24h,1,3, MTA=100; FC=100*
[71] 6
Sonmez et al. [106] 40 (12) 20 (5) 20 (7) 6,12,18, MTA=66.6; FC=76.9
24
Subramaniam et al. 40 (0) 20 (0) 20 (0) 1,6,12,24 MTA=100; FC=100 MTA=95;
[109] FC=85
Zealand et al. [125] 252 (49) 119 (19) DFC:133 (30) 6 GMTA =100; GMTA =95;
DFC=97 DFC=286"
Erdem et al. [43] 50 (0) 25 (0) 25 (0) 6,12,24  MTA=96; FC=88
Sushynski et al. 252 (121) 119 (54) DFC: 133 6-24 GMTA=100; GMTA =95;
[110] (67) DFC=98 DFC=76"
Airen et al. [5] 70 (0) 35 35 6,12,24  MTA=97.9; FC=83* MTA=883.6;
FC=54.37
Eidelman et al. [40] 45 (13) 23 (6) 22 (7) 6-12, MTA=100; FC=93
13-18,
19-24, >24
Agamy et al. [3] 72 (60) Grey=24 24 (4) 1,3,6,12 MTA=(G:100,W:80);
) FC=90
White=24
C))
Farsi et al. [47] 120 (46) 60 (22) 60 (24) 18, 24 MTA=100; FC=98.6 MTA=100;
FC=86.8"
Aeinehchi et al. [2] 126 (26) 51 (8) 75 (18) 3,6 MTA=100; FC=100 MTA=100;
FC=82.5¥
Noorollahian [75] 60 (24) 30 (12) 30 (12) 6,12,24  MTA=100; FC=100 MTA=94.4;
FC=100
Hugar and 60 (0) 30 (0) 30 (0) 6,12,18, MTA=100; FC=100 MTA=100;
Deshpande [52] 24, 30, 36 FC=96.67
Ansari and 40 (10) 20 (5) 20 (5) 1,6,12,24 MTA=100; FC=80 MTA =95;
Ranjpour [8] FC=90
Godhi et al. [49] 50 (0) 25 (0) 25 (0) 1,3,6,12 MTA=100; FC=100 MTA=96;
FC=88

MTA mineral trioxide aggregate, DFC diluted formocresol, significant difference for €(mobility), “(periodontal ligament
widening and inter-radicular radiolucency), #(discolouration), “(primary outcomes), ¥(root resorption)

Eleven randomised controlled trials [5, 8,
43, 49, 52, 69, 106, 107, 109, 110, 125] were
published after the publication of these two
systematic reviews (Table 9.5); therefore, to
make comprehensive conclusions, we per-
formed meta-analyses using the Mantel-

Haenszel model and calculation of pooled
relative risk (RR). We only included studies
with 24-month follow-up. The results clearly
showed that MTA is significantly superior to
formocresol in primary molar pulpotomy in
terms of treatment outcomes (Fig. 9.1).
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MTA Versus Other Pulpotomy Agents

Eleven studies compared MTA with various
pulpotomy agents other than formocresol
(Table 9.7); five of these studies compared MTA
with calcium hydroxide [61, 69, 80, 86, 106],
four studies compared MTA to ferric sulphate
[38, 43, 79, 106], two studies compared MTA
with Portland cement [80, 96], one study com-

Table 9.6 Two AMSTAR ranked systematic reviews
comparing MTA and formocresol as pulpotomy agent for
primary teeth

pared MTA with calcium-enriched mixture
(CEM) cement [63], and one study compared
white with grey MTA [28].

The results of various randomised controlled
trials comparing MTA with calcium hydroxide or
ferric sulphate are mixed; some report significant
and others insignificant differences between the
pulpotomy agents. Due to the controversy, two
separate meta-analyses with the Mantel-Haenszel
model with calculation of pooled relative risk
(RR) were performed. Our results clearly showed
that MTA is superior to calcium hydroxide as

; ; Pengetal.  Simancas- well as ferric sulphate in primary molar pulpot-
Systematic reviews (Jadad Pallares et al. omy at a 24-month follow-up (Figs. 9.2 and 9.3)
RCTs scale) [85]  (no scale) [102] y p (F1gs. 7. 2)-
Eidelman et al. [40] Xx(5) .

Agamy et al, 3] x(4) 9 MTA Versus Other DPC Materials
Jabbarifar et al. [54]  x(4) _ Two randomised controlled trials compared MTA
Holan et al. [51] x(5) 52 with calcium hydroxide and calcium-enriched
Farsi et al. [47] x(2) x mixture (CEM) cement for DPC of primary
Naik and Hegde [71]  x(2) X molars [45, 46, 117] (Table 9.8); there were no
Aeinehchi et al. [2] = X significant differences found for all the treatment
Noorollahian [75] = X outcomes assessed.
Study Mineral trioxide aggregate ~ Formocresol Relative risk (RR) Weight RR
(year) (experimental) n/N 2 (control) /N (95 % ClI) % (95 % ClI)

|
Holan et al. (2005) 1/33 5/29 — 11.87  0.18(0.02, 1.42)
Farsi et al. (2005) 0/38 5/36 . 1259 0.09 (0.00, 1.51)
Noorollahian et al. (2008) 1/18 0/18 - 1.12 3.00 (0.13, 69.09)

|
Moretti et al. (2008) 014 0/15 I P 892 1.25(0.42,3.70)
Sonmez et al. (2008) 5/15 3/13 * 7.58 1.27 (0.37, 4.39)
Subramaniam et al. (2009) 1/20 3/20 - 6.69 0.33 (0.04, 2.94)
Ansari and Ranjpour. (2010)  1/15 4115 . 1338 .33 (0.08, 1.39)
Hugar and Deshpande (2010) 0/30 1/30 * 3.29 0.34 (0.01, 8.13)
Erdem et al. (2009) 1/25 3/25 —_——1 17.84  0.13(0.02, 0.93)
Sushynski et al. (2012) 3/65 16/66 . 332  0.34(0.01,8.16)
Airen et al. (2012) 4/35 16/35 - 18.38  0.17 (0.02, 1.30)
Overall (mantel haenszel pooled RR) <> 100.00 0.41 (0.25, 0.68)
l-squared=22.3 % |
Test for heterogeneity chi-square = 12.87, d.f. = 10, p=0.231
Test of RR = 1: Z=3.48, p = 0.000

T T

2 Failure/samples

0.1 1

Fig. 9.1 Meta-analysis of 11 randomised clinical trials with 24-month follow-up, studying the success of mineral tri-
oxide aggregate versus formocresol pulpotomy in primary molars
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Table 9.7 Results of 11 ranked randomised controlled trials comparing MTA with other pulpotomy agents in primary

teeth
Final
Final clinical ~ radiographic
Teeth no. MTA no. Control no. Follow-up  results results
Study (year) (dropout) (dropout) (dropout) (month) (success%) (success%)
Moretti et al. 45 (2) 15 (1) CH=15(1) 3,6,12,18, MTA=100; CH=42¥
(2008) [69] 24
Sakai et al. (2009) 30 (0) 15 (0) PC=15 (0) 6,12, 18, MTA=100; MTA=100;
[96] 24 PC=100 PC=100
Oliveira et al. 45 (0) 15 (0) CH=15(0); 6,12,24 MTA =100; CH=38; PC=100*
(2013) [80] PC=15 (0)
Doyle et al. (2010) 270 (43) 57 (10) FS=58 (12); 12-38 MTA =89; FS=54; EF/FS =43,
[38] EF/FS=78 FS/MTA =73
(14); FS/
MTA=77 (7)
Percinoto et al. 90 (0) 45 (0) CH=45 (0) 3,6,12 MTA=96.56; CH=86.67
(2006) [86]
Malekafzali et al. 80 (8) 40 (4) 40 (4) 6, 12,24 MTA=80; CEM =85
(2011) [63]
Sonmez et al. 80 (24) 20 (5) FS=20 (5); 6,12, 18, MTA=66.6; FS=73.3; FC=176.9;
(2008) [106] FC=20 (7); 24 CH=46.15
CH=20 (7)
Erdem et al. 100 (0) 25 (0) FS=25 (0); 6, 12,24 MTA=96; FS=88; FC=288;
(2011) [43] FC=25 (0); ZOE =68%
ZOE=25 (0)
Cardoso-Silva 233 (23) G=74(22) W=136(1) 6-84 GMTA =100; WMTA =98.52
etal. (2011) [28]
Odabas et al. 93 (9) 42 (4) FS=51 (5) 1,3,6,9, MTA=94.7, MTA=92.1;
(2012) [79] 12 FS=84.7 FS=78.2
Liuetal. (2011) 40 (6) 20 (3) CH=20 (3) 10-56 MTA=94.1; CH=64.7¢

[61]

MTA mineral trioxide aggregate (W white, G grey), CH calcium hydroxide, PC Portland cement, FS ferric sulphate,
EF eugenol-free, ZOE zinc oxide eugenol, ¥(significant difference), {(significance not reported), *(MTA versus FS or
EF/FS: significant difference), *(MTA versus ZOE: significant difference)

9.7.3.9 Drawbacks

It was reported that crown discolouration is com-
mon after ProRoot MTA pulpotomy in primary
teeth [61, 71]. High price and long setting time
are two other main drawbacks of MTA [84].

9.7.3.10 Comments

It appears that there are adequate randomised
controlled trials and systematic reviews compar-
ing MTA pulpotomy of primary teeth to formo-
cresol, ferric sulphate and calcium hydroxide.
The results are clear; however, we need to take
into account the effects of MTA pulpotomy on
the oral health-related quality of life as well as
health technology assessments.

Note: MTA originated from Portland cement;
however, according to FDA and CE regulations,
materials that are manufactured outside of the
dental industries, i.e. Portland cement, should not
be used in the dental clinics [90].

Clinical Bottom Line

To answer the PICO question, systematic reviews

as well as recent LoE] randomised controlled tri-

als with GoR-A showed that in vital pulp therapy
of primary teeth:

1. MTA as pulpotomy agent has superior success
rates when compared to formocresol, calcium
hydroxide and ferric sulphate in primary
molar pulpotomies.
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Study Mineral trioxide aggregate  Ferrice sulfate Relative risk (RR) Weight RR
(year) (experimental) (control) (95 % ClI) % (95 % Cl)

n/N? n/N
Sonmez et al. (2008) 5/15 4/15 — e 18.47 1.25(0.41,3.77)
Doyle et al. (2010) 0/47 14/46 - 67.67  0.03(0.00, 0.55)
Erdem et al. (2011) 1/25 3/25 13.86  0.33(0.04, 2.99)
Overall (Mantel haenszel pooled RR) 100.00 0.30(0.13, 0.68)
I-squared = 53.8 %
Test for heterogeneity chi-square = 4.33, d.f. =2, p=0.115
Testof RR =1: Z=3.25, p = 0.001

T T

2Failure/samples 0.1 1 10

Fig. 9.2 Meta-analysis of three randomised clinical trials with 24-month follow-up studying the effect of mineral tri-
oxide aggregate versus ferric sulphate pulpotomy in primary molars

Study Mineral trioxise aggregate Calcium hydroxide  Relative risk (RR) Weight RR
(year) (experimental) (control) (95 % ClI) % (95 % Cl)
n/Na n/N
|
. . |
Oliveira et al. (2013) 0/15 10/15 - : 38.89 0.05(0.00, 0.75)
|
Moretti et al. (2008) 5/14 9/14 —e ! 33.33  0.56 (0.25, 1.24)
|
|
Sonmez et al. (2008) 5/15 7113 _i_.__ 27.78 0.62 (0.26, 1.48)
|
Overall (Mantel haenszel pooled RR) <> 100.00 0.38(0.21, 0.68)
I-squared = 53.8 % i
Test for heterogeneity chi-square = 4.33, d.f. =2, p=0.115 |
Testof RR = 1: Z = 3.25, p = 0.001 3
T T
aFailure/samples 0.1 1 10

Fig. 9.3 Meta-analysis of three randomised clinical trials with 24-month follow-up studying the effect of mineral
trioxide aggregate versus calcium hydroxide pulpotomy in primary molars

Table 9.8 Results of randomised controlled trials comparing MTA with calcium hydroxide (CH) or CEM cement for

DPC in primary teeth

Teeth no.
Study (year) (dropout)
Tuna and Olmez (2008) 50 (6)
[117]
Fallahinejad Ghajari et al. 42 (4)
(2010, 2013) [45, 46]

MTA no. of teeth

(dropout)
25 (3)

21 2)

Control no. of
teeth (dropout)

CH=25(3)

CEM=21 (2)

Follow-up
(month)
3,6, 12,
18,24

6, 20

Final results
(success %)
MTA=100;
CH=100
MTA=95;
CEM =289



9 Mineral Trioxide Aggregate and Evidence-Based Practice

189

2. MTA as pulpotomy agent has similar suc-
cess rates when compared to calcium-
enriched mixture cement in primary molar
pulpotomies.

3. Grey and white MTAs have similar treatment
effects in primary molar pulpotomies.

4. MTA as pulp capping agent has similar suc-
cess rates when compared to calcium hydrox-
ide in primary molar direct pulp capping.

5. MTA as pulp capping agent has similar
success rates when compared to calcium-
enriched mixture cement in primary molar
direct pulp capping.

9.7.4 Mineral Trioxide Aggregate
for Management of Immature
Permanent Teeth

PICO Question

In endodontic management of immature perma-
nent teeth, how does MTA compare with other
materials in terms of treatment outcomes?

9.7.4.1 Definition
When endodontic treatment is indicated for an
immature open apex tooth, apexogenesis is the
best treatment option. Continued root develop-
ment, dentin formation and apex closure usu-
ally lead to longer and stronger roots and
consequently higher survival rate for the treated
vital tooth. If the immature tooth is nonvital,
clinicians may choose calcium hydroxide
apexification, apical plug apexification using
biomaterials or revitalisation (revascularisa-
tion) technique. In the first traditional proce-
dure, necrotic tissue is removed, and calcium
hydroxide is applied in several visits to induce
apical closure by stimulating the formation of a
calcified barrier; the extended treatment time
increases brittleness of root dentin and risk of
fracture.

MTA apical plug can be also used to create an
artificial apical barrier in usually one or maximum

two steps; this alternative treatment reduces the
treatment time as well as the required visits to the
dental office. The newly introduced treatment
modality, i.e. revascularisation, applies a triple
antibiotic which medicates the root canal(s), pro-
viding an intra-canal clot scaffold into which
blastic cells can grow. The coronal access is then
sealed with a bioactive material. This procedure
typically leads to formation of a vascularised tis-
sue and subnormal development of the entire root
in anterior as well as posterior teeth [18, 77].

9.7.4.2 Incidence/Prevalence

There is no comprehensive study to report the
incidence/prevalence of pulp exposure of vital/
nonvital immature open apex teeth after caries
removal and trauma; despite the common nature
of this condition in children and adolescents. It
must be noted that untreated nonvital immature
teeth are sometimes found in adults.

9.7.4.3 Aetiology

Pulp therapy of vital permanent immature teeth
(apexogenesis) is usually indicated after iatro-
genic or carious pulp exposure as well as acci-
dental traumatic injuries to the teeth. In the case
of no/inadequate treatment for such teeth, the
dental pulp becomes nonvital, and apexification,
apical plug or revascularisation techniques may
be indicated.

9.7.4.4 Prognosis

Loss of vitality before complete root develop-
ment leaves a short, thin and weak root which is
more prone to fracture and has poorer crown/root
ratio. It was reported that 32 % of teeth with
apexification ended up with root fracture mainly
subsequent to another minor trauma episode [6].

9.7.4.5 Aim of Treatment

(Intervention)
As a general rule, the clinicians must always try
to avoid apexification if apexogenesis is possible.
In vital immature teeth with open apices, every
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Table 9.9 Results of three randomised controlled trials comparing MTA with CH, ZOE or CEM cement for

apexogenesis

Teeth (roots) MTA no. of
Study (year) (no.) teeth (roots)
El-Meligy and Avery 30 15
(2006) [41]
Ghoddusi et al. (2012) [48]  (28) (15)
Nosrat et al. (2013) [78] 51 (102) 26 (59)

attempt must be made to maintain pulp vitality
until root development is complete. Simulation
of apexogenesis via revascularisation is also the
desired treatment. If apexogenesis cannot be
achieved, then artificial apical closure and apexi-
fication must be utilised.

9.7.4.6 Outcomes

Root development and apical closure are two
main treatment outcomes. Also, the absence of
clinical/radiographic signs and/or symptoms of
inflammation or infection is interpreted as
success.

9.7.4.7 Methods of Search
and Appraisal

Studies dating back to 1966 were located by
searching PubMed (Medline). The main search
terms were [systematic review(s) or randomized
controlled trial(s) or clinical trial(s)] and [min-
eral trioxide aggregate] and [pulp cap or pulpot-
omy or vital pulp therapy or apexogenesis or
apexification or apical plug or artificial apical
closure or revascularization or revitalization].
We also searched The Dental ELF, UTHSCSA
Dental School CAT Library, Journal of Evidence-
Based Dental Practice as well as Evidence-
Based Dentistry and ClinicalTrials.gov for the
keywords ‘mineral trioxide aggregate’. Only
English-language trials were assessed. Using
modified van Tulder List and AMSTAR check-
list, randomised controlled trials and systematic
reviews of randomised controlled trials were
scored, respectively.

Control no. of Follow-up Final results
teeth (roots) (month) (success %)
CH=15 3,6, 12 MTA =100;
CH=387
ZOE=(13) 3,6, 12 MTA=91.7;
ZOE=100
CEM=25 (59) 6,12 MTA =100;
CEM =100

9.7.4.8 Efficacy

MTA Apexogenesis

The result of our search revealed that three ran-
domised controlled trials compared the success
rates of MTA apexogenesis with calcium hydrox-
ide [41], zinc oxide eugenol [48] and calcium-
enriched mixture cement [78] (Table 9.9). In
comparison with calcium hydroxide, zinc oxide
eugenol or CEM cement, MTA showed nonsig-
nificant clinical and radiographic success to
induce apical closure in vital immature perma-
nent teeth.

MTA Apical Plug Versus Calcium
Hydroxide Apexification
Two randomised clinical trials compared MTA
with calcium hydroxide for apexification of
necrotic immature permanent teeth between 1993
and 2011 [42, 88]; one was a systematic review,
and the other was a meta-analysis [29]. They ana-
lysed the randomised controlled trials using
Jadad scale; results of the meta-analysis showed
comparable radiographic success and apical bar-
rier formation with both calcium hydroxide and
mineral trioxide aggregate in immature teeth.
Two randomised controlled trials were also
published after the publication of the systematic
review with similar results and without significant
differences (Table 9.10); one study compared two
commercial types of MTA (ProRoot vs. Angelus)
[68], and the second compared MTA with calcium
hydroxide [34]. In addition, there is a registered
clinical trial which is completed [25]; however,
the results have not been reported yet.
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Table 9.10 Results of four randomised controlled trials regarding MTA apexification

Teeth no.
Study (year) (dropout) (dropout)
El-Meligy and 50 (0) 25 (0)
Avery (2006)
[41]
Pradhan et al. 20 (0) 10 (0)
(2006) [88]
Moore et al. 22 ProRoot=11
(2011) [68]
Damle et al. 30 (0) 15 (0)

(2012) [34]

MTA for Regenerative Endodontic
Procedures

There is a lack of randomised controlled trials for
MTA.

9.7.4.9 Drawbacks

The use of MTA promotes a mild grey discolou-
ration in the crown after apexification [55]; it was
reported that coronal discolouration was observed
in 22.7 % of teeth following white MTA place-
ment in immature open apex teeth [68]. Severe
discolouration after grey MTA pulpotomy in
immature permanent teeth was also reported
[108]. It was also reported that the roots of two
maxillary central incisors were not developed
after regenerative endodontic treatment using
MTA [76]. High price and long setting time are
two other main drawbacks of MTA [84].

9.7.4.10 Comments

A paradigm shift in endodontology in the last
decade has altered the traditional treatment con-
cepts towards more biologically based regen-
erative research and practice. Regeneration of
necrotic immature permanent teeth could be an
invaluable technique to save countless numbers
of anterior teeth each year; however, there are
no standardised treatment protocols based on
high-level evidence. There is a pressing need
for prospective high-quality RCTs to develop
and recommend appropriate treatment regimen
for continued hard tissue formation of imma-
ture teeth.

MTA no. of teeth Control no. of
teeth (dropout)

Final results

Follow-up (month) (success %)

CH=25 (0) 3,6,12 MTA =100;
CH=86.66
CH=10 (0) 11 MTA =100;
CH=100
Angelus=11 3 months and ProRoot=_81.8;
every 6 months Angelus=100
CH=15 (0) 3,6,9,12 MTA =100;
CH=93.33

In addition, full pulpotomy which is the most
invasive form of VPT in apexogenesis treatment
of vital immature permanent teeth is supported
with limited number of randomised controlled
trial evidence; however, there is a gap of data for
other less aggressive VPT techniques.

Clinical Bottom Line

To answer the PICO question for permanent

immature teeth, GoR-A recommendations were

formulated (based on one systematic review and
recent randomised controlled trials with LoE]
evidence) as outlined below:

1. MTA vital pulp dressing placed for apexogen-
esis treatment has similar success rates when
compared to calcium hydroxide, zinc oxide
eugenol and calcium-enriched mixture cement.

2. MTA when used as apical plug for apexifica-
tion has similar success rates when compared
to calcium hydroxide but reduces treatment
time.

3. ProRoot and Angelus MTA apical plugs have
similar effects in apexification treatment.

9.7.5 Mineral Trioxide Aggregate
for Vital Pulp Therapy
of Mature Permanent Teeth

PICO Question

In vital pulp therapy of mature permanent teeth,
how does MTA compare with other pulp protect-
ing materials in terms of treatment outcomes?
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9.7.5.1 Definition

Theoretically, dressing and protecting an exposed
vital pulp in mature permanent teeth from bac-
terial invasion with an ideal pulp capping mate-
rial would maintain pulp vitality. The general
evidence-based consensus is that iatrogenic and
symptom-free pulp exposures can be success-
fully treated by VPT [4]. For this reason, an ideal
pulp capping material should be biocompatible,
antimicrobial, non-toxic and specifically able to
seal the path of communication between exposed
dental pulp and oral microbial flora. Calcium
hydroxide used to be the universal capping mate-
rial in the past; however, new materials, i.e. MTA
and CEM, have replaced it with a very positive
trend in recent years.

The traditional school of thought recom-
mended high-price root canal therapy for cari-
ous pulp exposures in mature permanent teeth
specifically with signs of irreversible pulpitis
and apical periodontitis; however recently, sev-
eral clinical studies have reported that vital teeth
can be treated successfully with low-price VPT
[4, 16, 26, 39]. One- and two-year results of an
ongoing multicentre randomised clinical trial
have revealed that in comparison with root canal
therapy, VPT/CEM is a cost-effective and reli-
able bio-method for management of permanent
molars with irreversible pulpitis with/without
apical periodontitis [ 14, 15]. Moreover, it also has
an outstanding pain-reducing effect in irrevers-
ible pulpitis [10] and can be recommended for
general clinical practice. This treatment modality
will doubtlessly improve quality of dental care
for mature vital permanent teeth.

9.7.5.2 Incidence/Prevalence
Dental caries has remained the most prevalent
chronic disease of humans; the main chief com-
plaint of patients with deep dental caries/irrevers-
ible pulpitis, seeking for dental care, is pain [7].
A recent Cochrane review stated that mean
incidence of pulp exposure is 34.7 % after com-
plete caries removal for the management of den-
tinal caries in previously unrestored primary and
permanent teeth [92].
On the other hand, apical periodontitis is an
important radiographic sign for untreated

decayed teeth as well as failed root canal treated
teeth. Current evidence demonstrates that an
inflamed vital pulp can lead to AP and a recent
study showed that CBCT can detect AP better
than conventional radiography specifically in
teeth with irreversible pulpitis [1]. A systematic
review of epidemiological studies on more than
300,000 teeth from 33 studies mostly performed
in developed countries verified that the preva-
lence of AP is very high, broadly equivalent to
1 radiolucency per patient [83].

9.7.5.3 Aetiology

The cause and effect relationship between the
presence of microorganisms and pulpal inflam-
mation and necrosis is well documented [56,
99]. In germ-free animal models, the pulp-
periapical complex remained vital and without
any inflammation/necrosis after pulp exposure.
Therefore, microorganisms and their toxins
play the most important role in the aetiology of
pulp and periapical pathosis (e.g. pulpitis and
AP) [99].

Note: There is no scientific basis on which to
assess the value of markers of inflammation
intended to differentiate between reversible and
irreversible pulpitis [65], making clinical diag-
nosis of pulpal status perplexing. As a general
consensus in endodontology, there is poor cor-
relation between clinical signs/symptoms of
pulpal diseases with histological features, i.e.
inflammation [98]; therefore, these complicated
clinico-histological terminologies need recon-
sideration. Added to this ambiguity is the finding
that several clinical studies have proved that
clinically diagnosed irreversible pulpitis can be
associated with radiographically apical peri-
odontitis [26, 116]. Immuno-histological evi-
dence revealed that not only an infected necrotic
pulp but also an inflamed vital pulp has the
potential to extend the inflammation to periapi-
cal tissues at an early stage and create apical
periodontitis [122]. Whilst two-dimensional
periapical radiographs have limited ability to
detect such lesions [24], three-dimensional cone-
beam computed tomography can distinguish AP
in 13.7 % of examined human teeth with estab-
lished irreversible pulpitis [1].
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9.7.5.4 Prognosis

Current best evidence provides inconclusive
information regarding factors influencing treat-
ment outcome of vital pulp therapy in permanent
teeth [4]. A preliminary retrospective study stated
that there is a statistically significant association
between the clinical status of pulpotomy and
quality of restoration [36]; however, a recent
prognostic study reported that the type of pulp
capping material (i.e. MTA) was the single most
important factor influencing the tooth survival
rate [30].

Surprisingly, there is also a deficit of high-
level evidence for the effect of treatment factors
on primary root canal treatment outcome for
management of various pulpal diagnoses [93].
Besides, a high-quality cohort study revealed
that the survival rate of endodontically treated
teeth in comparison to their vital counterparts is
alarmingly low, with molars having the worst
survival rates (hazard ratio=7.4; CI 95 %: 3.2—
15.1) [27].

9.7.5.5 Aim of Treatment

Vital pulp therapy for permanent mature teeth is
typically indicated after iatrogenic or carious
pulp exposure as well as accidental traumatic
injuries to the teeth. When no/inadequate treat-
ment is carried out for such teeth, the dental
pulp becomes nonvital, and traditionally, pulp-
ectomy and primary root canal therapy may be
indicated. Consequently, the main treatment
objective of VPT is to maintain pulp vitality of
a carious permanent mature tooth by protecting
the remaining pulp using a pulp capping agent
so that the tooth becomes symptom-free and
functional.

In case of ordinary root canal therapy, the
three-dimensional seal of the root canal system
after appropriate root canal cleaning and shaping
is the main aim.

9.7.5.6 Outcomes

The clinical outcome is based on the absence of
subjective symptoms (i.e. pain) and objective
observation of inflammation and/or infection, i.e.
abscess, swelling, sinus tract and tenderness
upon palpation/percussion. The most important

radiographic outcome is when AP is prevented or
when healing of existing AP.

9.7.5.7 Methods of Search
and Appraisal

Studies dating back to 1966 were located by
searching PubMed (Medline). The main search
terms were [systematic review(s) or randomized
controlled trial(s) or clinical trial(s)] and [mineral
trioxide aggregate] and [pulp* or pulp cap or pulp-
otomy or vital pulp therapy]. We also searched The
Dental ELF, UTHSCSA Dental School CAT
Library, Journal of Evidence-Based Dental
Practice as well as Evidence-Based Dentistry and
ClinicalTrials.gov for the keywords ‘mineral triox-
ide aggregate’. Only English-language trials were
assessed. Using modified van Tulder List and
AMSTAR checklist, randomised controlled trials
and systematic reviews of randomised controlled
trials were scored, respectively.

9.7.5.8 Efficacy

Whilst there were ten randomised controlled trial
[11, 44, 53, 59, 73, 91, 97, 100, 123, 124], we
found only one systematic review [4]. The review
analysed nonrandomised clinical trials and there-
fore was not classified as LoE1. Seven histologi-
cal/immunohistochemical studies (Table 9.11
[44, 53, 73, 97, 100, 123, 124]) were found that
compared MTA pulp capping with calcium
hydroxide (n=4), calcium-enriched mixture
(n=2) and different powder/liquid ratio of itself
(n=1) on caries-free vital teeth; only one study
looked at incipient caries [53]. There are three
randomised controlled trials carried out for man-
agement of teeth with deep caries or established
irreversible pulpitis (Table 9.12). One study com-
pared MTA with calcium hydroxide for partial
pulpotomy of permanent molars with deep caries
[91], another study compared MTA with calcium
hydroxide as indirect pulp capping [59], and
finally a multicentre randomised controlled trial
compared the post-operative pain relief as well as
clinical and radiographic outcomes of pulpotomy
in human permanent molars with irreversible pul-
pitis using calcium-enriched mixture cement or
MTA [11]. There were no statistical significances
between MTA and CEM or MTA and calcium
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Table 9.11 List of histological studies with RCT design regarding vital pulp therapy with MTA versus calcium
hydroxide (CH) or calcium-enriched mixture (CEM) cement in mature permanent teeth

Control

Study (year) Teeth (no.) MTA (no. of teeth) (no. of teeth) Follow-up
Iwamoto et al. (2006) [53] 48 24 Dycal=24 136 £24 days
Nair et al. (2008) [73] 33 20 CH=13 1 week, 1 and

3 months
Sawicki et al. (2008) [97] 48 24 CH=24 47-609 days
Zarrabi et al. (2010, 2011) [123, 124] 32 16 CEM=16 2 and 8 weeks
Shahravan et al. (2011) [100] 29 3 water/powder ratios - 30 days
Eskandarizadeh et al. (2011) [44] 90 WMTA =30, GMTA=30 Dycal=30 30, 60 and

90 days

Table 9.12 Results of randomised controlled trials regarding vital pulp therapy with MTA versus calcium hydroxide
(CH), Dycal or calcium-enriched mixture (CEM) cement in mature permanent teeth

Teeth no. MTA no. of teeth
Study (year) (dropout) (dropout)
Qudeimat et al. 64 (13) 32 (3)
(2007) [91]
Leye Benoist et al. 60 (0) 30 (0)
(2012) [59]
Asgary and Eghbal 413 (67) MTA =208 (29)

(2013) [11]
“Non-setting CH then setting layer of CH

hydroxide reported in these randomised con-
trolled trials.

Note: Histological studies evaluating pulp
response to vital pulp therapy have been mainly
carried out on caries-free or incipient caries vital
teeth which were candidates for extraction shortly
after. This shows that the studies were undertaken
in different population, i.e. normal intact teeth ver-
sus carious teeth with pulp exposure or pulpitis.
According to evidence-based practice concepts,
the results of these kinds of studies should be
excluded because they address a different popula-
tion than the one required. In addition, histological
evaluation is classified as a surrogate outcome.
The surrogate outcome usually allows prediction
of treatment effect on the more clinically relevant
outcome but does not directly measure the main
clinical benefit. The surrogate outcome is consid-
ered valid for an intervention if it is statistically
associated with the true clinical outcome [89].
However, the presence/absence, type and intensity
of histological pulp inflammation as surrogate
variables do not inevitably represent the true short-

Control no. of Follow-up Final outcomes
teeth (dropout) (month) (success %)
CH=32*(10) 25.4-45.6 MTA=93.7;
CH=91
Dycal=30 (0) 3 and 6 MTA =89.6;
Dycal=73.3
CEM=205 (38) 12 MTA =95;
CEM=92

and long-term treatment outcome, i.e. pain and
tooth survival. Furthermore, only a minimal asso-
ciation between clinical and histological findings
could be established for MTA or calcium hydrox-
ide direct pulp capping [53].

9.7.5.9 Drawbacks

Tooth discolouration caused by white MTA used
for the management of a complicated crown frac-
ture via partial pulpotomy has been reported [22].
High price and long setting time are two other
main drawbacks of MTA [84].

9.7.5.10 Comments

In current dental practice, VPT has become an
accepted treatment for reversible pulpitis, with
predictable outcomes [23]. When irreversible
pulpitis is clinically diagnosed, the common
school of thought recommends removal of entire
vital pulp, despite containing competent stem
cells with proliferative potential [121]. In the
light of recent evidences and in order to gain a
better understanding of pulp healing capability,
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the inflammatory process and pathogenesis of the
dental pulp need to be reconsidered, particularly
in cases of irreversible pulpitis [14]; such a mod-
ern approach can lead to preservation of the den-
tal pulp in mature permanent teeth and, thus by
healing of the diseased pulp, can have a positive
impact on improving the tooth survival rate as
well as patients’ quality of life.

Current dental educational system defends
the correlation between spontaneous pain or lin-
gering pain in response to cold stimuli and the
existence of irreversible pulpitis that necessi-
tates the complex/expensive process of root
canal therapy. However, several talented dental
students have asked a long overdue and funda-
mental question: Currently pulp preservation
and regeneration in endodontic procedures is
being increasingly emphasised in the educa-
tional curriculum, clinicians even aim to revit-
alise the immature necrotic pulp; then why do
endodontists intentionally extirpate inflamed
vital pulps with clinical diagnosis of irrevers-
ible pulpitis ? Root canal therapy of vital teeth is
currently based on a poor correlation between
clinical signs/symptoms and histological feature
of the pulp [97]. Amazingly, there are LoE1 ran-
domised controlled trials that show the vital
pulp of mature molars with irreversible pulpitis
that were successfully treated with simple low-
cost pulpotomy treatment using appropriate bio-
materials. These trials demonstrated that full
pulpotomy with MTA or CEM biomaterials, as
the most invasive form of VPT, established
favourable short- to long-term outcomes [10,
11, 14, 15]. It seems that endodontology needs
to reconsider the nomenclature of dental pulp
diseases and consequently create a paradigm
shift in endodontic treatment approaches.

Currently, the proportion of the population
who is unable to afford dental services due to its
high cost is increasing, even in developed afflu-
ent countries [13]. To solve this problem, govern-
ments should accept responsibility to increase the
overall spending for dental disease prevention
protocols as well as evidence-based low-cost
dental services. Researchers, on the other hand,
should provide evidence employing recent pro-
gresses in endodontology and constantly suggest

more biologic, cost-effective and successful
simple treatment alternatives.

In the future, conducting the studies that con-
sider the effects of VPTs on the oral health-
related quality of life as well as health technology
assessment and evidence-based practice guide-
lines is recommended. Last but not least, is the
need for outcome assessment of less or non-
invasive forms of VPT.

Clinical Bottom Line

To answer the PICO question, randomised con-

trolled trials with LoE[ have led to GoR-A (grade

A recommendations) in vital pulp therapy of

mature permanent teeth that state:

1. MTA partial pulpotomy has similar success
rates when compared to calcium hydroxide
for management of symptom-free carious
pulp exposure in first molars.

2. MTA indirect pulp capping has similar suc-
cess rates when compared to calcium hydrox-
ide in teeth with active deep carious lesion/
reversible pulpitis after 6 months.

3. MTA full pulpotomy has similar pain relief
effect as well as clinical/radiographic success
rates when compared to calcium-enriched
mixture (CEM) cement in molar teeth with
irreversible pulpitis.
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internal and external validity, 179
manipulation, 24-25
microhardness, 39
mixed with distilled water, 103, 104
Portland cement (see Portland cement)
properties, 131
ProRoot MTA, 180
PubMed tools, 177-178
related materials, characteristics, 136—137
root-end fillings (see Root-end filling)
setting reaction, 2627
trace elements, 33
VPT (see Vital pulp therapy (VPT))
washout, 25-26
Mixing techniques, 25
Modified ceramics, 141
MTA. See Mineral trioxide aggregate (MTA)
MTA-based sealers, 141
MTA Fillapex®, 25, 114, 141, 142, 153,
165, 166
MTA Obtura, 8, 25, 44, 141, 142

N
NEC. See New endodontic cement (NEC)
New endodontic cement (NEC), 158-159
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(0]
OCP. See Octacalcium phosphate (OCP)
Octacalcium phosphate (OCP), 68-70
OPC. See Ordinary Portland cement (OPC)
Ordinary Portland cement (OPC)

alite and belite crystals, 5

description, 4

setting and hydration, stages, 5-6
OrthoMTA and RetroMTA, 159-160
Osteoproduction, 64—65

P
Particle size distributions
Biodentine powder, 153, 156
DiaRoot powder, 153-154
EndoSequence sealer, 153, 156
MTA powder, 153-154
ProRoot MTA powder, 153-154
RetroMTA powder, 153, 156
Pedodontics, 183
pH
alkaline, 39, 92, 93
and antibacterial capacity, 7
mean, 92
porosity, 40
root surface, teeth, 138
WMTA, 39
Porosity
bismuth oxide, 40, 43
water-to-powder ratio, 40
Portland cement
antimicrobial activity, 42-43
arsenic, 8, 9, 44-45
biomineralization and superficial crystal formation, 9—11
bond strength, 38
calcium sulphate, 4-5
clinical use, 7-8
compressive strength, 38
cytotoxic effect and tissue reaction, 46
dental market, 6-7
dentin, radiopacity, 8-9
description, 1, 6
EDS and EDXA, 6
firing, raw materials, 3—4
phases and reactions, 5-6
pozzolanic reaction, 2
radiopacity, 43, 44
sealability, 11
sealing ability, 40, 41
silica, alumina and calcia, 2-3
standards, 12-14
white and grey MTA, 11-12
Primary teeth, VPT
aetiology, 184
calcium hydroxide, 186, 188
definition, 183
dental caries, 183—184
direct pulp capping (DPC), 183
DPC materials, 186
ferric sulphate, 186, 188

MTA pulpotomy, 187
MTA vs. formocresol pulpotomy, 184
price and setting time, 187
prognosis, 184
pulpotomy agents, 186
randomised controlled trials, 185
treatment, 184
Primary tooth, maintenance, 120, 123
ProRoot Endo Sealer, 24, 141, 142
Pulpotomy
agents, 186
cost, treatment, 195
dog’s teeth, 11
immature permanent teeth, 50, 191
miniature pulpotomy (MP), 183
molars, 175
MTA clinical applications, 104
treatment approaches, 183

R
Radiopacifier
bismuth oxide, 7
calcium carbonate granule formation, 11
hydration, 9
Radiopacity
and biocompatibility, 43
bismuth oxide, 43, 136
Capasio, 139
dental materials, 169
dentin and pure Portland cement, 9
ISO 6876 standards, 163
mineral trioxide, 43
MTA Fillapex, 142
portland cement, 163
retrograde materials, 44
RetroMTA, 159
RANKL. See Receptor activator of nuclear
factor kappa B ligand (RANKL)
Receptor activator of nuclear factor kappa B ligand
(RANKL), 65
Resin-modified MTA, 25
Root canal sealers
ADA 57, 1SO 6876 and ISO 9917 tests, 164—165
CPM, 166-167
MTA Fillapex, 166
MTA Plus products, 164, 166
retreatability, 166
Root-end filling
aetiology, 181
definition, 181
incidence/prevalence, 181
material
leakage, 91-92
and root canal sealers, 42
tricalcium silicate, 135
outcomes, 182
prognosis, 181
randomised controlled trials, 182
search and appraisal methods, 182
treatment, 181-182
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Root fractures
description, 116
reinforcement, intra-canal pin, 117, 122
transversal, 117

Root perforation
calcium sulfate matrix, 113, 116, 117
pulp cavity and periodontium, 110, 112
pulp chamber, 112-113
repair, 112, 114
sealing, 113, 115

S
Saliva, 92
Scanning electron microscopy (SEM)
aluminium and calcium ratios, 30-32
bismuth oxide, 28
calcium silicate hydrate and calcium hydroxide, 28
polished surface, MTA powder, 20
ProRoot MTA powder, 22-23
surface carbonation, 96-99
Sealing ability
amalgam, super EBA and IRM, 40
bacterial leakage, 40—42
BioPure MTAD, 89
calcium hydroxide, 88
CEM, 139
Ceramicrete D, 141
condensation technique, 41
ERRM, 41, 138
methods, 40
MTA Bio, 41
rhodamine B, 94
storage temperature, 41
water-to-powder ratio, 41
SEM. See Scanning electron microscopy (SEM)
Setting accelerators, 26-27
Setting time
BC sealer’s, 164
Biodentine®, 138
calcium aluminate, 132
calcium hydroxide, 167
cements, 132
GMTA, 37
gypsum, 132
hydration accelerators, 133
hydration and, 164
immature permanent teeth management, 191
materials, oral cavity, 132
mature permanent teeth, VPT, 194
particle size modification, 133-134
powder-to-water ratios, 37-38
primary teeth, VPT, 187
RetroMTA, 159
tricalcium silicate powder, 155
Sodium hypochlorite, 89
Solubility
bismuth oxide, 39—40
dimensional stability, 39
immersion, white MTA, 40
and porosity levels, 40

and sealing ability, 41

water/powder ratio, 24, 39
Storage temperature, 96-97
Strength

bond, 38-39

calcium chelators, 89

compressive and flexural, 38, 91

mechanical, 40, 43

T
TheraCal™, 137, 140, 158
Tissue fluid, 92-94, 96
Tooth-colored ProRoot MTA, 11
Tooth resorption, 115-116, 121
Trace elements, 33, 44-45
Tri-and dicalcium silicates

air quenching, 4

hydration, 12-13

MTA Caps powder, 161

ProRoot MTA and MTA Angelus, 21, 22

RetroMTA, 159

X-ray diffraction, 6
Tricalcium aluminate

EDS, 6

ettringite crystals, 6

ferrite phases, 5

ProRoot MTA, 21-22

RetroMTA, 159
Tricalcium silicate, 151

A\
VERRM. See Viscosity enhanced root repair material
(VERRM)
Viscosity enhanced root repair material (VERRM), 162
Vital pulp therapy (VPT)
mature permanent teeth, 191-195
primary teeth, 183-189
VPT. See Vital pulp therapy (VPT)

W

Washout
characteristics, 33
methods, 25-26
polymers, 24

Water-soluble polymers, 24

X
X-ray diffraction (XRD)
disadvantages, 27
and Fourier transform-infrared spectroscopy
(FT-IR), 65, 66
ProRoot MTA and MTA Angelus, 21-22
tricalcium silicate, dicalcium silicate and bismuth
oxide, 20-22
un-hydrated and hydrated ProRoot MTA, 30
water and HBSS, 29-30
XRD analysis. See X-ray diffraction (XRD)
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