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RESUMO

O objetivo deste projeto ¢ efetuar uma revisao da literatura cientifica acerca da capacidade
de preparagdo das limas rotatorias, para responder a seguinte questao:

Qual a melhor técnica, com base nos pardmetros de capacidade de transporte e
centralizacao, para avaliar a capacidade de preparagao de limas rotatorias?

A pesquisa foi realizada nas bases de dados PubMed, MEDLINE, Embase, ScienceDirect,
Scopus e B-on. Estudos publicados em inglés de janeiro de 2010 a fevereiro de 2021, que
especificavam a capacidade de centralizagdo e a capacidade de modelagem das limas
rotativas, foram incluidos.

65 estudos foram incluidos na revisdo de uma amostra cumulativa de 615 estudos. 48
estudos usaram dentes extraidos, enquanto 17 estudos usaram canais radiculares
simulados em blocos de resina. 38 estudos usaram tomografia micro-computadorizada e
tomografia computadorizada de feixe conico (MCT+CBCT), enquanto 26 estudos usaram
imagens digitais duplas (DDIR+DDIP) e andlise de software, e apenas um usou
radiografia e MCT.

A capacidade de conformacao da instrumentacdo do canal radicular torna-se essencial
com a introdugdo de novos instrumentos no mercado. O método MCT e os seus tipos
inovadores tornam-se superiores na avaliacdo da qualidade da instrumentacdo do canal
radicular, uma vez que podem fornecer imagens tridimensionais.

PALAVRAS-CHAVE: preparacdo do canal radicular; transporte do canal, Capacidade
de Centralizagao, Capacidade de modelagem, Niquel-Titanio, Rotativo.



ABSTRACT

The aim of this project is to review and analyze the literature that studied the shaping
ability of endodontic rotary files to answer the question: What is the most accurate method
used to assess the shaping ability of rotary endodontic files based on the canal

transportation and centering ability parameters?

Search was performed using PubMed, MEDLINE, Embase, ScienceDirect, Scopus, ¢ B-
on databases. Studies published in English from January 2010 to February 2021, that
specified centering ability and shaping ability of the rotary files, were included.

65 studies were included in the review from a cumulative sample of 615 studies. 48
studies used extracted teeth, while 17 studies used simulated root canals in resin blocks.
38 studies used Micro-Computed Tomography and Cone-Beam Computed Tomography
(MCT+CBCT) while 26 studies used Double Digital Images Radiographs / Photographs
(DDIR+DDIP) and software analysis, and only one used both DDIR and MCT.

Shaping ability of the root canal instrumentation becomes essential with the introduction
of new instruments to the market. MCT method and its breakthrough types become
superior in evaluating the quality of root canal instrumentation since they can provide 3-

dimentional picture.

KEYWORDS: Root canal preparation, Canal transportation, Centering ability, Shaping
ability, Nickel-Titanium, Rotary.
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INTRODUCTION

The main objective of endodontic treatment is to remove micro-organisms, necrotic

pulp tissue debris, well shape and prepare the root canal system in order to allow the

entrance of irrigation and to place medications and obturation materials (1).

1.1

Endodontic Background

Bacteria and their by-products are major etiological factors in the initiation and
progression of pulpal inflammation and apical periodontitis (2). Therefore, a vital
objective of root canal treatment is the removal of bacteria and their substrates from
the root canal system. Prevention or treatment of apical periodontitis is the major
purpose of root canal procedure so that the periradicular tissues are not vulnerable
to attack from microbes within the tooth (3). Mechanical preparation in endodontic
therapy requires the application of irrigants and medicaments to form a bacteria free
canal while simultaneously shaping the canal for root filling process. It is the most
perplexing step during root canal therapy procedure; and the most challenging (4).
It is also considered an essential part of the whole root canal treatment procedure
due to the fact that it determines the efficacy of subsequent phases afterwards (5).
Objectives of ideal root canal instrumentation procedures are well addressed. They
include a well-shaped root canal that is continuously tapered, preserving the
original shape of the canal, free of any iatrogenic damage to the canal system and/or
to the root structure while maintaining the original apical foramen position (i.e. no
transport) (6). The capability to keep the instruments centered inside the canal is
crucial to accomplish those objectives and provides an accurate enlargement to the

root canal without any deliberate weakening of the root structure.

Endodontic instruments that enlarge and prepare root canals must meet the basic
requirements to prevent the effect of transportation and centering in order to ensure
successful root canal treatment (5, 7, 8). Tooth and its root canal anatomy varies in
cross-section, shape, thickness of dentin, and foramen size. The possibility of
procedural errors presented in curved canals are increased with those anatomical
variation, especially transportation, since most endodontic instruments are straight
and capable to create lateral forces in curved canals (9). Previously, the

instrumentation objectives were reached minimally when using stainless steel files
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since they are very rigid and their rigidity increases with larger instrument sizes (9).
However, the introduction of Nickel-Titanium (Ni-Ti) instruments, with their
unique property of super elasticity, permit entering in curved canals with less stress
(10). The elasticity allows bending ability to the instruments to follow the
anatomical curvature of the canal (11), which diminishes stress and torsion forces

within the canal leading to minimal transportation (10).

Evaluating the shaping ability of endodontic files was comprehensively considered
through endodontic literature for its necessity and challenges, especially in curved
canals. Numerous parameters were used for this assessment, such as evaluating the
tendency of the instruments to induce canal transportation, instrument’s ability to
allow prepared canal to stay centered, loss of working length, measurements of
dentine thickness, and alteration in post instrumentation figures (7-9). In addition,
various devices and methods were utilized, which include silicon impression,
muffle system, and radiograph superimposition techniques. These techniques were
effectively documented in endodontic research. Yet, limitations are well-
recognized encouraging the search for new methods with advanced capacities that
permit both quantitative and qualitative three-dimensional assessments of the root

canal (12).

Some research studies which investigated rotary endodontic files revealed that NiTi
preserved original canal shape better than stainless steel files (10, 13, 14). The
advantages of NiTi rotary instruments are well recognized; however, their
characteristic affects their shaping ability: the selection of any system would affect
the ability to shape the root canal, particularly with curved canals (15).
Manufacturers integrated different designs to reduce apical transportation while
accomplishing good file function in more rapid and more predictable canal
preparation (16). Their production history will be the subject of the review of

literature in next section 1.2.
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1.2

History of Nickel-Titanium (NiTi) Instruments

Nickel-Titanium instruments are produced from NiTi alloy which comprises 56%
nickel and 44% titanium. This type of instrument was first introduced to dentistry
by Walia et al. in 1988 (17). However, its first use in endodontic design was
commercially available in the 1990’s (18, 19). This alloy type has two unique
distinctive features. The shape memory and the superior elasticity. These files are
three times more elastic and flexible than stainless steel files and has greater
clockwise and anti-clockwise torsion fracture resistance than stainless steel hand
files (17). The first-generation of the NiTi file systems had passive cutting radial
lands, constant tapers of their active cutting blades and several files within the
system. Those characteristics permitted the file to be centered inside the canal. GT
files (Dentsply Tulsa Dental Specialties, Tulsa, OK, USA) is one type of this
category (18). The advancement of NiTi files has substantially improved the quality
of root canal shaping and has reduced the incidence of iatrogenic errors during root
canal preparation (5). In early 1992, NiTi files were introduced to students in the
college of dental medicine at the University of South California, which caused a
wave of development (17). NiTi instruments nowadays are presented in a range of
forms (files, pluggers, spreaders, etc). The second generation of NiTi rotary files
was available in the market in 2001 (19). In comparison with the previous category
of the first generation, this group have active cutting edges and less numbers of
files. Examples to this group include the EndoSequence (Brasseler USA), and
BioRaCe (FKG Dentaire SA, La Chaux-de-Fonds, Switzerland), ProTaper
(Dentsply Tulsa Dental Specialties, OK, USA).

At present, with more than two decades of use, the design of the NiTi instruments
has experienced considerable changes and enhancements in NiTi metallurgy
resulted in third generation production, where manufacture involves heating and
cooling methods that drastically improved the files cyclic fatigue and reduce
fragility of NiTi instruments in curved canals (20). Types included within this group
are the Twisted File (Axis|SybronEndo, Orange, USA), HyFlex (Coltene,
Whaledent AG, Altstatten, Switzerland), GTX (Dentsply, Tulsa Dental Specialties,
Tulsa, OK, USA), Vortex (Dentsply Tulsa Dental Specialties, Tulsa, OK), and
WaveOne (Dentsply Tulsa Dental Specialties, OK, USA). Fourth Generation

production involves the innovation of reciprocation technology, which has been
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included to the advanced group of NiTi files (21). This group of instruments is
based on the single-file technique. WaveOne (Dentsply Tulsa Dental Specialties,
OK, USA), Reciproc (VDW, GmbH, Munich, Germany), and Self-adjusting file
(SAF; ReDent-Nova, Raanana, Israel) are example of this group instruments (21,
22). The fifth generation of the rotary endodontic files implemented a different
approach where the center of mass and/or the center of rotation are offset. The
reason of this characteristic design was to decrease the engagement between the file
and dentin wall and improves the file flexibility (23). Types of files with this
technology are Revo-S, One Shape® (Micro-Mega®, Besancon, France), and the
PTN ProTaper Next (PTN) file (Dentsply Tulsa Dental Specialties/
DentsplyMaillefer).

The most advanced adjustments of nickel-titanium alloy is the M-wire NiTi design,
which is made by thermal treatment process to NiTi wire blanks(24). The M-wire
alloy is a mixture of approximately equivalent amounts of R-phase (i.e., pre-
martensitic or an intermediate phase between austenitic and martensitic phase) and
austenite NiTi; a conventional super elastic NiTi which has an austenite structure
(20, 25). M-wire NiTi comprises significant amounts of martensite that does not
undergo phase transformation causing a metallurgical microstructure that
demonstrates strengthening to the alloy (26). It has been claimed that these
instruments improve file flexibility and resistance to cyclic fatigue whilst

preserving cutting efficiency (27).

NiTi rotary instruments present substantial benefits in endodontic clinical sitting
and delivery care for their unique flexibility and time-saving properties. In addition,
the wide range of their designs and cross-sectional patterns take the lead to many
experimental studies that scientists performed to evaluate their clinical
performances. When a new instrument is developed, many characteristics need to
be investigated such as cleaning ability, shaping ability, safety aspects and effects
on root canal configuration (7, 28-30). When shaping ability of instrument was
evaluated, many evaluating parameters were reported in the literature, yet
transportation is the most frequently used. It has become evident that rotary nickel—
titanium instruments are able to maintain the canal shape even in severely curved

canals and that preparation with these instruments is substantially faster than hand
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1.3

instrument preparations (31-33). However, such evaluations are important to
clinicians and researchers; because their consideration is valued in the selection of
a particular rotary NiT1i instrument for clinical practice (34). The shaping quality of
instrumentation and root canal transportation induced by rotary files will be the

subject of the review of literature in section 1.3.

Shaping Ability

Shaping ability of files means the capability of the endodontic files to shape the root
canal, specially curved canals without inducing aberrations. This is normally
achieved by evaluating if the file is straightening the curvature of the canal, its
ability to be centered, or its ability to maintain the canal centered with less

displacement or transportation.

When examining the quality of root canal preparation created by endodontic
instruments and /or techniques, numerous elements of special interest to the
scientists were well addressed in the literature, mainly instruments’ cleaning ability,

shaping ability and safety concerns (7).

Cleaning and shaping phase of the endodontic procedure comprises two processes
that are connected to each other. Mechanical preparation to change the shape of the
root canal system supports the cleaning by direct removal of bacteria and its by-
products from the root canal system; additionally allows the irrigation materials and
its active agents involved in the disinfection process to penetrate deeper into the
root canal system (35). When an operator shapes the root canal, s/he has to follow
ideal objectives. Schilder (6) recommended clear design objectives when shaping
the root canal so that cleaning is easily facilitated, and obturation will be aided to
produce an optimal seal. These objectives are summarized as follows:

e Taper — a continuously tapered preparation shape should be formed.

e (Canal axis — The position of the canal axis should be sustained in the center of

the root with no deviation.
e Foramen — The original position of the foramen should be maintained, and it

should not be enlarged.

11
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1.4

Shaping ability of endodontic files should reflect those objectives for that ideal
canal, i.e., preparation involves negligible canal transportation with optimally

centered preparations (36).

Many evaluation parameters were used in the literature when shaping ability of
instruments was investigated. These parameters included change in the root canal
cross-sectional area, degree of canal transportation, centering ability, minimum
remaining dentine thickness in the mesial and furcal directions, taper and flow of
“the prepared root”, smoothening of the canal walls, change in curvature
angulation, centering ratio, working time, fracture of instruments, canal aberrations,
and working length (37). Yet, transportation and centering ability are used more

frequently in most of the study, thus, they were considered in this review.

Canal Transportation

Canal Transportation, according to the Glossary of Endodontic Terms of
the AMERICAN ASSOCIATION OF ENDODONTISTS, is defined as follows:
Removal of canal wall structure on the outside curve in the apical half of the canal
due to the tendency of files to restore themselves to their original linear shape

during canal preparation; may lead to ledge formation and possible perforation.
(38).
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1.4.1 How Transportation Occurs
All root canal instruments were found to have a tendency to straighten inside the
canal irrespective to the type of alloy of the file used (5, 7, 39-41). The cutting
edges of files are enforced against the outer side of the curved canal wall, which
is the concave part of the canal in the apical third position of the root canal and
pushed against the inner side wall at the middle or coronal thirds of the root
canal, which is the convex area, that originates an asymmetrical dentin removal
(5,41). As aresult, the apical part of the root canal areas seems over prepared in
the path of the convexity of the canal, and greater amounts of dentin are removed
at the concavity along the coronal plane leading to the creation of canal
transportation or straightening of the canal (5, 41). Figure 1 shows transportation

(in red color) in simulated root canal.

Figure 1: Root canal transportation: Adapted from SCHAFER et al., 2006 (42)

1.4.2 Consequences of Root Canal Transportation
The alteration of the original path of the root canal may result in damage of the
apical foramen and loss of apical stop (7). Consequently, this will take the lead
to extrusion of debris, irrigants, filling materials out of the canal and

subsequently will cause an irritation of the periapical tissues (42).

The shape of the transported root canal has special features, where the outer part
of the canal curvature appears over prepared producing an elliptical figure at the

13
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apical endpoint which is termed zipping (42). It is additionally known as
‘hourglass shape,” a ‘teardrop,” or a ‘foraminal rip’(5, 8, 41). When zipping
incidence happens, it leads to an unfavorable outcome on the apical seal of root
canal specially if cold lateral compaction technique was used (43). Figure 2
illustrated simulated root canals before and after preparation (A, B) and showed

a creation of zip and elbow (7).

Figure 2: Zip and elbow: Adapted from Hiilsmann et al., 2005 (7)

The narrow aspect of the root canal which occurs between the over prepared
material removal area alongside the outer wall apically and the over increase of
the inner wall of the curvature coronally and is called elbow. This is typically

appearing at the point of maximum curvature.

Consequently, this leads to a lesser amount of taper of the root canal shape and
will create insufficient cleaning and obturation of the apical part of the root canal
(7, 8). Perforation is an additional outcome, in which Apical perforation arises
due to the sharp cutting tips of the used files (5, 7). Strip perforation happens in
the middle of the coronal third of the canal and displays as a perforation that is
most often a consequence of over preparation along the inner side of the wall of
the curvature (7, 44). Ledging is equally a result of root canal transportation

when the working length cannot be reached (31). It arises in any part along the

14
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way in the canal, but mainly in the middle or the apical part of root canals as a

raised up area on the start point of the outer side of the curvature (7).

1.4.3 Factors Affecting the Occurrence of Root Canal Transportation
A high prevalence of procedural errors has been reported to be connected to root
canal anatomy (5, 7). Degree and radius of root canal curvature are the most
responsible factors for the inducing of stress on the instruments while in use. The
more severely curved the canal and the more shorter the radius of its curvature,
the higher is the risk of transportation incidence (45). Added risk factor for canal
transportation is the endodontic file design; the instruments that have an altered
non-cutting tip are better in maintaining the original canal path of the root canal
system compared with instruments with conventional tips (46). Depth of flutes,
core diameter, cross-section and spirals per unit length also have a great impact
on the ability of the instrument to maintain the original canal curvature (10). It
was reported that the cross-sectional design has a superior effect than the taper
or size of an instrument on the stresses created under either torsion or bending

conditions (47).

Instruments’ type of metal also effects on the occurrence of transportation; files
which are made from stainless steel create more transportation than instruments
made from nickel titanium (NiT1). However, NiTi files, which are thermo-
mechanically proceeded, produce minimal canal transportation. However, the
brand new group of NiTi instruments, such as those made of new alloys (CM-

wire, M-wire), shows insignificant transportation (46).

Recently, various innovative (NiTi) rotary systems claim improvements in their

performance and their shaping ability feature.

However, centering ability during instrumentation to avoid the occurrence of
canal deviation is still in concern and that instruments, which can produce
optimally centralized preparation, is not yet available (23, 48-51). The search for
the instrument that is most efficient and greatly successful in shaping the root
canal without incidence of transportation may moderately justify the recent

dramatic flood of new files with varied materials and designs presented in the

15



SHAPING ABILITY OF ROTARY ENDODONTIC FILES — STATE OF THE ART

1.5

market (39). Some studies, which investigated rotary endodontic files, showed
that NiTi instruments have the ability to maintain original canal shape and path
better than stainless steel files (10, 14, 52). This was credited to the exceptional
property of super elasticity that NiTi files have, which allowed using them in

curved canals with less lateral forces and less transportation (10).

Centering ability

Centering ability is defined as: The ability to keep the instruments centered to
provide an accurate enlargement, without excessive weakening of the root structure
(13). The canal-centering ratio is the difference between the instrumented and non-
instrumented canals, which measures the ability of an instrument to stay centered

(53).
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2
2.1

DEVELOPMENT

Purpose and Approach

The purpose of this project is to investigate and analyze the literature that examined
the shaping ability of endodontic rotary files to find the best method used for this
assessment based on canal transportation and centering ability parameter A
literature search is done for relevant published studies on methods used in the
evaluation of the shaping ability of rotary files in the context of endodontics using
PubMed, MEDLINE, Embase, ScienceDirect, Scopus, ¢ B-on database search. In
primary stage, studies were selected according to titles and abstracts, and upon
collection, they were fully reviewed to ensure that they meet the inclusion/exclusion
criteria. Afterwards, evidence-based tables were constructed with the following
information: Author’s name, year of publication, type of samples (extracted teeth,
simulated blocks), evaluation method (DDIR and computer analysis, DDIP, and
computer analysis, MCT, CBCT) and parameters (transportation / centering
ability). After gathering all studies and removing duplicates and irrelevant data, the
remaining studies were retrieved, and their reference lists were checked to identify
any other articles/textbooks relevant to the topic that might have provided

additional information.

Inclusion criteria are included in-vitro and ex-vivo studies that used different
materials and/or techniques. Studies should mention transportation or centering
ability parameters and evaluating preparation quality based on shaping ability of
rotary files. Searches were limited to studies written in English with human
extracted teeth or experimental blocks and published between January 2010 and

February 2021.

The exclusion criteria consisted of studies that failed to meet the inclusion criteria.
If a study did not define transportation/ centering ability as parameters nor did it
report shaping ability to evaluate rotary files, it was excluded. All systematic
review, literature review, case series, study reports and studies that expressed
opinions, were only read but not included within the analysis. Studies that allocated
cleaning rather than shaping and/or dealt with identification of bacterial species,

material science or clinical setting were also excluded. Lastly, studies in which
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keywords do not match the subject of the search as well as non-English language

studies have also been excluded.

2.2 Results and Analysis
The search through PubMed, MEDLINE, Embase, ScienceDirect, Scopus, € B-on
database searches has yielded a huge number of studies (615). After the exclusion
of duplicates, studies in which key words do not match the subject of the search,
case reports and non-English language studies were also excluded. 360 published

Studies relevant on instrumentation of root canals were collected.

Studies that evaluated shaping ability were screened further. Titles and abstracts
were additionally evaluated, the relevance of each study to the criteria was
determined. The full texts of the selected studies were then obtained and reviewed

of which only 65 (18 %) were kept as shown in figure 3.

Literature search and selection process

g Studies removed before

8 Studies identified from R Eﬁﬁ;i‘g (0= 19)

E tabases (n:= 6io) Unmatched keywords,

S case reports and non-English

2 language studies (n = 236)
- !

E Studies screened ’ Studies excluded

= (n = 360) (n =295)

e

o

(1)}
- !

= . . . .

o Studies included in review

o (n=65)

©

£

Figure 3: Literature search and selection process
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From the selected studies, the following data were extracted and included in the Data

table: Author name, year of publication, samples type, methods used to evaluate

transportation or centering ability (Micro-Computed Tomography (MCT), Cone-Beam

Computed Tomography (CBCT), Double Digital Images Photographs (DDIP) with either

the Adobe Photoshop, the Fiji, the Image-Pro Plus or with the AutoCAD software, Double
Digital Image Radiographs (DDIR) with either MCT, the Adobe Photoshop or with the
AutoCAD software) as shown in Table 1.

Table 1: Studies included in reverse chronological order

No.| Year Author/Reference Type of Samples Methods Parameters
1 2021 Maria de las Nlegfzes Pérez Mandibular molars MCT Canal transportation
Morales and centering ability
2 2020 Christina Razcha 3! Mandibular molars MCT Canal tran§portaF19n
and centering ability
3 2020 P. O. F. Fernandes % Mandibular molars MCT Canal transportation
4 | 2020 |Burgin Arican Oztiirk 24 Single rooted CBCT Canal transportation
and centering ability
5 2020 P. H. Htun *¢ Mandibular premolars MCT Canal transportation
6 | 2020 Marlap a Menzi legrr cto Mandibular molars MCT Centering ability
Pivoto-Jodo
. 78 . Canal transportation
7 2020 Franziska Haupt Mandibular molars MCT . o
and centering ability
8 | 2020 Emina Kabil 88 Maxillary molars MCT Canal transportation
and centering ability
9 | 2020 Maria de las N1e;f4es Perez Maxillary premolars MCT Canal transportation
Morales and centering ratio
10 | 2019 | Peet]. van der Vyver ¥ | Maxillary molars MCT Canal transportation
and centering ratio
11] 2019 | Zeliha Ugur Aydin 7 | Mandibular molars MCT Canal transportation
and centering ability
. . o5 . Canal transportation
12 | 2019 | Yousif Igbal Nathani ™ |Mandibular premolars CBCT . o
and centering ability
A . Simulated resin DDIP & Adobe . .
112
13 | 2019 Keiichiro Maki blocks Photoshop Centering ability
14 | 2019 Daniel Jqse .Flhé(ﬂa de Mandibular molars MCT Canal transportation
Oliveira
15| 2018 Martin Vorster ™ Mandibular molars MCT Canal transportation
and centering ability
16 | 2018 M. M. Kyaw Moe 7 Mandibular molars MCT Canal transportation

and centering ratio
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Leal Silva 195

blocks

No.| Year Author/Reference Type of Samples Methods Parameters
17| 2018 Mohamed l\l/[ﬁdhat Kataia| Simulated resin DDIP & Adobe Canal transportation
blocks Photoshop
18 | 2018 Seyed Mohse7§1 Mandibular molars CBCT Canal transportation
Hasheminia and centering ability
19| 2018 | Simone Staffoli 1" | Simulated blocks | PDIP & Adobe | ing ability
Photoshop
20| 2018 E. A. Saberi 7 Mandibular molars CBCT Canal transportation
21| 2018 Guohua Yuan ™! Mandibular molars MCT Canal transportation
22 | 2018 | Pedro Marks Duarte % Maxillary molars MCT Canal tran§portaF19n
and centering ability
23 | 2018 Feélé)ﬁagglrlﬁ:l%es Mandibular molars MCT Canal transportation
24 | 2017 Giulia Ferrara ¥ Maqdlbular and | DDIR & Adobe Canal transportation
maxillary molars Photoshop
25| 2017 | Amin A. H. Alemam % Simulated resin | DDIP & Image- Canal transportation
blocks Pro Plus
.. . . DDIR & .
> 69
26 | 2017 | Maurizio D’Amario Mandibular molars AutoCAD Canal transportation
= Simulated resin DDIP & .
sl 108
27 | 2017 Taha Ozyiirek blocks AutoCAD Canal transportation
28 | 2017 Caroline Zanesco % Maxillary molars | MCT and DDIR Canal transportation
and centering ratio
29 | 2017 | Pier Matteo Venino®? Max./Mand. mola.rs, MCT Canal transportation
premolars and canine and centering ratio
. Simulated resin DDIP & Adobe . .
107
30 | 2017 Lu Shi blocks Photoshop Centering ability
31| 2016 | AnaGrasicladaSilva |y e molars MCT Canal transportation
Limoeiro and centering ability
32| 2016 Zhaohui Liu % Premolars MCT Canal transportation
33| 2016 Farzana Paleker ¢’ Mandibular molars MCT Canal transportation
and centering ability
. Simulated resin DDIP & .
34
34 | 2016 | Ranya Faraj Elemam blocks AutoCAD Canal transportation
. Simulated resin DDIP & Adobe .
106
35 | 2016 Filipa Neto blocks Photoshop Canal transportation
36 | 2015 Ove A. Peters 28 Mandibular molars MCT Canal transportation
37| 2015 Jason Gagliardi % Mandibular molars MCT Canal transportation
and centering ability
38 | 2015 Emmanuel Jodo Nogueira|  Simulated resin DDIP and Fiji | Canal transportation
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No.| Year Author/Reference Type of Samples Methods Parameters
Abdulrahman Simulated resin DDIP & Adobe .
39| 2015 Mohammed Saleh 1% blocks Photoshop Canal transportation
40 | 2015 | Damiano Pasqualini ¥ | Mandibular molars MCT Canal transportation
and centering ability
41| 2015 Guilherme Morﬁeslra de Mandibular molars CBCT Canal transportation
Carvalho and centering ability
. . DDIP & .
; 125
42 | 2014 K. K. Al-Manei Mandibular molars AutoCAD Canal transportation
43 | 2014 Amr M. Elnaghy ¢ Mandibular molars CBCT Canal transportation
and centering ability
Simulated resin DDIP & Adobe . .
103
44 | 2014 | Matthew Thompson blocks Photoshop Centering ability
45 | 2014 Dan Zhao ® Mandibular molars MCT Canal transportation
46 | 2014 | Young-Hye Hwang % Maxillary molars MCT Canal transportation
. Simulated resin DDIP & .
2
47 | 2014 | Nazarimoghadam K blocks AutoCAD Canal transportation
48 | 2013 Abeer M. Marzouk ©! Mandibular molars CBCT Canal transportation
49 | 2013 Mina Zarei Mandibular molars | PDLP & Adobe | - Canal transportation
Photoshop and centering ability
Simulated resin DDIP & Adobe .
50
50 | 2012 | Jeffrey R Burroughs blocks Photoshop Canal transportation
51 | 2012 | Brandon Yamamura 5! | Mandibular molars MCT Canal transportation
and centering ability
. Simulated resin DDIP & Adobe .
102
52| 2012 Cumhur Aydin blocks Photoshop Canal transportation
Fernando Duran-Sindreu . DDIR & .
53| 2012 121 Mandibular molars AutoCAD Canal transportation
s4 | 2012 | Ahmed Abdel Rahman |0 i ar molars CBCT Canal transportation
Hashem and centering ability
. DDIR and .
15
55| 2012 Marc Garcia Mandibular molars AutoCAD Canal transportation
56 | 2012 Stern S 123 Mandibular molars MCT Canal transportation
and centering ratio
57 | 2011 Guobin Yang ¥ Mandibular molars MCT Canal transportation
and centering ability
. . Simulated resin DDIP & .
122
58 | 2011 Hani F. Ounsi blocks AutoCAD Canal transportation
. . sg . canal transportation and
59 | 2011 | Laila Gonzales Freire Mandibular molars MCT . o
centering ability
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No.| Year Author/Reference Type of Samples Methods Parameters

Simulated resin DDIP & Adobe

60 | 2011 Vittorio Franco % Canal transportation

blocks Photoshop
61 | 2010 Frank C. Setzer 57 Mandibular molars ADu ?olg A8]L) Canal transportation
62 | 2010 Bekir Karabucak 5% Mandibular molars ADu ?olg A8]L) Canal transportation
63 | 2010 Rui Gonqal\gs Madureira Siml;lla;sisresin D[;JI}I; fésﬁ:)igbe Canal transportation
64 | 2010 Richard Gergi 3 Mandibular molars CBCT Ca?:;aléﬁzifnogrt:;tiﬁ)n
65| 2010 Mian K. Igbal 2 Mandibular molars 121 ]t)oICR AS]L) Canal transportation

Figure 4 indicates that 48 studies (74%) used extracted teeth while 17 studies (26%) used

simulated blocks.

Extracted teeth vs Simulated blocks

= Extracted teeth = Simulated blocks

Figure 4: Extracted teeth versus simulated blocks
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Figure 5 shows that 38 studies (58.5%) of the reviewed studies used Micro-
Computed Tomography and Cone-Beam Computed Tomography (MCT+CBCT)
to evaluate the shaping ability of rotary endodontic files while 26 Studies (40%)
used Double Digital Images Radiographs and Photographs (DDIR+DDIP), with
only one study (1.5%) that used both (DDIR) and MCT.

% of MC/CB Tomography vs Double Digital & MCT+Radiograph

58.5

Micro-Computed/Cone-Beam Double Digital Micro-Computed Tomography &
Tomography Photographs/Radiographs & Digital Radiograph
Software Analysis

Figure 5: MC/CB Tomography vs Double Digital Images & MCT+DDIR

Reviewing all the selected study articles in detail resulted in the ranking of the
methods used to assess shaping ability in terms of their frequency of use as shown

in figure 6.

% of used methods in descending order

27.69

13.85

Z
Z
7
¢

1.54
Micro-Computed Double Digital Cone-Beam Double Digital Micro-Computed
Tomography Photographs & Computed Radiographs & Tomography &

Software Analysis Tomography Software Analysis Digital Radiograph

Figure 6: Percentage of used methods in descending order
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The distribution of studies according to the types of samples, the methods used, and the

evaluated parameters is shown in Table 2.

Table 2: Distribution of studies per types of samples, methods, and parameters

Parameters

Canal
transportation

Canal
transportation &
centering ability

Canal
transportation &
centering ratio

Centering
ability

Type of
Samples/Methods

Total

Mandibular and
maxillary molars

DDIR & Adobe
Photoshop

Mandibular
molars

15

17

CBCT

DDIP & Adobe
Photoshop

DDIP &
AutoCAD

DDIR &
AutoCAD

MCT

12

Mandibular
premolars

CBCT

MCT

Max./Mand.
molars,
premolars and
canine

MCT

Maxillary molars

MCT

MCT and DDIR

Maxillary
premolars

MCT

Premolars

MCT

Simulated blocks

17

DDIP & Adobe
Photoshop

10

DDIP &
AutoCAD

DDIP and Fiji
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Canal Canal :
Canal . . Centering
transportation transportation & | transportation & ability
SRR centering ability centering ratio Total
Type of
Samples/Methods

DDIP & Image- 1 1
Pro Plus

DDIR & Adobe 1 1

Photoshop

Single rooted 1 1

CBCT 1 1

Total 32 21 7 5 65

Table 2 reveals that mandibular molars and simulated blocks types of samples constitute
about 82% of the selected studies. For mandibular molars, more than 94% of the studies
used Micro-Computed Tomography (MCT), Cone-Beam Computed Tomography
(CBCT), and the Double Digital Image Radiographs (DDIR) with the AutoCAD
software. For simulated blocks, about 77% of the studies used the Double Digital Image
Photographs (DDIP) with either the Adobe Photoshop or the AutoCAD software.
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Table 3 shows the distribution of selected studies per types of samples and parameters.

Table 3: Distribution of studies per types of samples and parameters.

Parameters Total
Canal Canal
Canal transportation | transportation | Centering
# Type of Samples transportation | and centering and centering ability
ability ratio
Mandibular and
1 . 1 1
maxillary molars
2 | Mandibular molars 15 17 3 1 36
3 Mandibular 1 1 )
premolars
Max./Mand.
4 molars, premolars | 1
and canine
5 Maxillary molars 1 2 2 5
6 Maxillary | 1
premolars

7 Premolars 1 1
8 Simulated blocks 13 4 17
9 Single rooted 1 1

Total 32 21 7 5 65

Table 3 reveals that the most parameter evaluated was canal transportation followed by
canal transportation and centering ability, while the least parameter was the centering
ability followed by the centering ratio. It also shows that mandibular molar was the most
selected type of samples followed by simulated blocks. For mandibular molar, about 92%
of the studies evaluated canal transportation and/or centering ability, while for simulated

blocks, all studies evaluated either canal transportation or centering ability.
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Table 4 shows the distribution of selected studies over methods and parameters.

Table 4: Distribution of studies per methods and parameters

Parameters Total
Canal Canal
4 Methods Canal . transportat.lon transportat.mn Cent.e.rmg
transportation | and centering | and centering ability
ability ratio
1 CBCT 2 6 1 9
DDIP & Adobe
2 Photoshop 6 ! 4 1
3 | DDIP & AutoCAD 5 5
4 DDIP & Fiji 1 1
DDIP & Image-Pro
5 1 1
Plus
DDIR & Adobe
6 Photoshop 2 2
7 | DDIR & AutoCAD 6 6
8 MCT 9 14 5 1 29
9 MCT and DDIR 1 1
Total 32 21 7 5 65

Table 4 reveals that the most method used was MCT followed by DDIP with the Adobe
Photoshop software. This is also illustrated in more detail in the bar chart in Figure 6,
which shows the frequency of use of methods in descending order after grouping the
Double Digital Images for Photographs and Radiographs (DDIR+DDIP). Table 4 also
reveals that almost half of the studies evaluated only the canal transportation parameter
for most of the methods with the exception of the MCT, CBCT, and the Double Digital
Images Photographs (DDIP) with the Adobe Photoshop software.
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Assessment Process

The understanding of endodontic therapy concepts leads to great advance in
instruments, which is the reason why many studies commenced to assess the
performance and quality of these instruments to give recommendations for research
guidance and clinical practices. In this part, literature that evaluated shaping ability
of rotary endodontic files in the last 10 years are reviewed, sample selected by
investigators are considered, steps taken for evaluation process are explained, and

the evaluation methods involved are also described.

2.3.1 Types of Samples
Most studies on post-operative root canal shape or changes in root canal
morphology have been performed in extracted teeth (Figure 4). Molar teeth was
the most selected type, in which the highest percentage were found on
mandibular molars (12, 15, 23, 28, 51, 54-82). Few experiments were performed
on Maxillary molar (83-88) and only one study was performed on both maxillary

and mandibular (89).

Researchers were interested in evaluating the quality of shaping ability of
endodontic files in molar tooth, since it is the most commonly treated within the
general dental practice (81, 90, 91). The mesial root was the preferred root for
this type of experiment, usually because they are curved, with the greatest
curvature in the mesio buccal canal. This anatomical feature of the curved mesio
buccal canals often induces a greater challenge (82, 92) and generates a greater

canal transportation by instrumentation than most other root canals (63).

Our review showed two studies investigated maxillary premolars with isthmus
in which a study was also aiming to assess the cleaning abilities of the evaluated
endodontic files (93). The other was concerned about the anatomical challenges
connected to isthmus presence (94), as this anatomical feature would increases
the difficulty in the canal instrumentation procedure. Additionally, in this
review; two studies used mandibular premolar canals (95, 96) for the anatomical
challenge related to feature of the long oval single canals found on them (95)
and only one study presented mixed anterior and posterior (97) to enlarge the

sample size.
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Studies that used simulated canals in resin blocks were few (34, 50, 98-112),
they were chosen as they were reliable, valid and credited model to test canal
preparation techniques and instrument ability (103, 106). One study used
simulated blocks in shape of molar (110), this artificial molar tooth models is
made of a material that is closely equal to natural dentin so that each step of the
treatment is comparable to real clinical practice. The studies used resin blocks
confirmed that, those blocks can give better standardization and are able to
reduce the variability that exists in the human root canal anatomy (50, 98, 100,
104-106), providing strictly controlled laboratory conditions (102). They also
allow a direct comparison of the shapes obtained with different movements (99)
and with different instruments (50, 104). However, those simulated canals in
resin blocks model may neither match the various anatomical configurations in
actual tooth structure nor match the clinical setup; the patient factor, for this

clinical outcome might not be considered (217).

Ahmad et al. (113) compared the differences in the cutting proficiency of
ultrasonic tool on curved canals in both simulated acrylic resin blocks and
natural extracted teeth. They discovered that there were no qualitative or
quantitative differences or any alterations in the way that material is removed
along the canal’s wall. Khalilak et al. (114) assessed apical canal deviation in
extracted teeth compared to the simulated resin blocks (219) and found that the
simulated resin blocks and natural teeth displayed similar apical deviation (114).
Both research studies confirmed that their conclusions cannot be transferred to a
clinical sitting (113, 114). Nevertheless, other studies, which presented their
experiments on simulated resin blocks, showed that their accomplished results
could be applied to natural human teeth with critical precautions (33, 104, 115-

117).

Using rotary endodontic instruments in simulated resin blocks could produce
heat generation. This is considered a major drawback of using this experiment
on resin model, which leads to soften the resin material (118), and in return could
interfere with the advancement of the instrument along the simulated canal (99).
Later investigation explained that resin blocks showed such deformity only in

cross section, which does not appear when natural root canals were tested (82).
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2.3.2 Assessment Steps

Literature revealed that analyzing postoperative root canal shape is essential to
evaluate the taper, flow of the prepared root canal, maintenance of the original
canal shape, root canal transportation and cantering ability (119). Literature
addressed the process of evaluating the transportation and centering ability of
various instrumentation techniques and instruments with several experimental
models and procedures (120).

Literature regularly reports a three-phase process for shaping ability evaluation:
e Images of the canals are taken before (pre-image or un-instrumented) and

after (post-image or instrumented).
e The pre- images and post-images are superimposed or reconstructed.
e Measurements are taken for the difference between the pre- images and post-

images using a mathematical equation.

From all studies obtained in the literature, these steps were reviewed and

explained as follow:

2.3.2.1 Step l: Scanning and Imaging
Different modalities were used to obtain the pre and post images by
photographing or scanning the sample. They were acquired either in 2-
dimensions (2D) or 3 dimensions (3D). The two dimensions included:
e Digital camera (24, 60, 98, 100, 102-106, 108-111)

e Macroscopic magnifier (34)

Digital microscope (50, 112)

Dental operating microscope (107)

Radiograph (12, 15, 55, 57, 69, 85, 89, 98, 121)

The 3-dimensions (3D) included:

e Computed Tomography (CT) (28, 54, 58, 59, 63, 66, 68, 70, 71, 74, 75,
77-88, 94, 96, 97, 100, 122, 123)

e CBCT device (64, 65, 72, 73, 76, 88, 95, 124)

e Spiral CT (51, 54)

o [-CAT (23,61)
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Images acquisitions happened in a cross-sectional view in many experimental
studies(23, 28, 51, 58, 60, 61, 63, 65, 79-82, 94, 95, 125). Figure 7 represents
MCT cross section of preoperative (A) and postoperative canals (B) in
mandibular molar, while few studies preferred a perpendicular plan (47, 99).
Figure 8 represents a perpendicular view for final layered canal images for

three simulated blocks with different instrument preparation the (A) SAF, (B)

Typhoon, and (C) Vortex groups.

(A) Preoperative root canal (B) After preparation

Figure 7. Cross sectional view: Adapted from Pivoto-Jodo et al., 2020 (79)

Figure 8: Perpendicular view: Adapted from Burroughs et al., 2012 (50)
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The presence of curvature impacts on the type of views selection. Images
captured in 2D cannot capture curvatures when they are found in different

plan, this made 3Ds tools to overweight the 2D ones.

Despite various tools used to take photos of the sample, the captured photos
or radiographs should be transferred to a digital imaging format. Sample
should be photographed before and after instrumentation, operator should
make sure the sample was taken in the same positions, sample has to be
mounted in a support before and after the photographs taken (99, 102). This
is to standardize the light conditions before and after preparation. Few studies
mentioned embedding the tooth in a putty base or custom-made box with care
so0 as not to obscure the canals and, they also used a gig to allow reproducible
image acquisition (60, 110, 111, 124). This technique also called Bramante
technique or, custom-made silicon device (105). The acrylic jig containing
the root positioned at the center of the sensor so as to align perfectly with a
square-shaped guide previously designed on the sensor, thus allowing the jig
to be accurately repositioned during the experimental procedure (69). This
technique is relatively simple and economical (64). Other procedure used
were a platform or container to embedded tooth in acrylic resin (89, 97), or
making simple landmarks or labelled reference points to easy repositioning

the sample each time the photos are taken (24, 50, 103, 110).
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2.3.2.2 Step 2: Superimposition /Reconstructing of Pre/Post Images
Different software programs facilitate the process of overlaying post-
operative images with the preoperative one. Figure 9 illustrates the
superimposition step where the pre instrumented canals in white while the

post instrumented are in black.

Figure 9: images superimposed: Adapted from Shi L et al., 2017 (107)

Images would then be saved as one picture to be either kept or exported to
another software for measurements. The most common software programs
used for the superimposing are:
e Adobe Photoshop (15, 36, 50, 57, 60, 68, 69, 85, 89, 99, 102-104, 106,
107, 110-112, 121).
e AutoCAD (12, 24, 34, 50, 55, 57, 71, 98-100, 108, 125)
e Other software programs were used such as:
o Image-Pro Plus software (109)
o Pages (Apple Inc, Cupertino, CA)(108)
o PaintShop Pro9 software (34)
o Fiji (Fiji is Just ImageJ)(81, 105)
o OnDemand 3D software (Cybermed Inc, Irvine, CA) (64).
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For 3D reconstructing, the following software programs were used:

e 3-dimensional (3D) registration application of the data Viewer v.1.5.1
(Bruker MCT) (68, 70, 74, 76, 77, 79, 80, 82, 86, 93, 94)

¢ 3D Dental software (Cybermed, Seoul, Korea)(124),

e VGSudioMax visualization (Volume Graphics GmbH, Heidelberg,
Germany) (28, 71, 75, 87)

¢ Image Fusion module MedINRIA, Paris, France) (93)

e Micro View software (GE Pre-clinical Imaging) (123)

2.3.2.3 Step 3: Measurements
A. Transportation measurements using
A.1. Software systems

A.1.1. The distance between two central axes or tips of two instruments
of the pre and post canals considered a transportation amount (15,
57, 85, 103, 106, 121).

Most studies used AutoCAD (15, 26, 34, 57, 69, 100, 106, 108,
121, 125).

A.1.2. The amount of untouched area considered the transportation value
(50, 74, 96, 102), two studies specified this measurement done
through Imagel/Fiji version 1.48c (National Institutes of Health,
Bethesda, MD) (74, 96).

A.1.3. Difference between the canal configuration before and after
instrumentation using UTHSCSA Image Tool version 3.00 for
Windows; University of Texas Health Science Centre in San
Antonio, TX) (99).

A.1.4. The difference in amount of resin removed through Image-J
analysis software (89, 104) or without software subtracting the
difference in the width between the two acrylic canals or dentinal
thicknesses of the instrumented root canal from those of the
instrumented canal (34, 89, 106, 108, 125).

The distance between the canal wall before and after
instrumentation resulted of 0 to indicate no canal transportation

occurred (102).
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A.1.5. Bergmans et al method (39) was applied to measuring

transportation in which central axis point was located within each
pre-instrumentation canal on each scan. Using this axis as a
reference point, polar coordinates were mapped at 8 points on the
pre-instrumentation canal wall in 360°. The 8 points were mapped
at 45° increments in a clockwise rotation: mesial (M), MB, buccal
(B), distobuccal (DB), distal (D), distolingual (DL), lingual (L),
and ML.

The coordinates mapped within the pre-instrumentation canal
images should superimpose over the post instrumentation canal
images, and after that, the distance between the post-instrumented
canal walls and the pre-instrumented canal walls measured in 8
directions and the large distances occurred were the evident of

canal transportation (67) as shown in figure 10.

M
e Caliper 7. 0.0526 mm!

= N

B
e
v

Figure 10: Bergmans et al méthode Adapted from Paleker F et al., 2016 (67)
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A.2. Equation Methods
A.2.1. Gambill et al. method (126) implemented by most of the reviewed

studies (23, 51, 54, 55, 58, 60, 61, 64, 65, 68, 70, 72-75,77, 78, 81,

83, 85-88, 93-95, 97, 123, 124), is described as follow:

([a1 — a2]/[b1 — bz]), where:

- ay is the shortest distance from the mesial edge of the root to
the mesial edge of the un instrumented canal,

- by is the shortest distance from the distal edge of the root to the
distal edge of the un-instrumented canal,

- a is the shortest distance from the mesial edge of the root to
the mesial edge of the instrumented canal, and

- bz is the shortest distance from the distal edge of the root to
the distal edge of the instrumented canal. If the obtained
result yielded the value of “0”, this means that no canal
transportation has occurred otherwise this would mean that
transportation has occurred in the canal. As shown in figure

11.

External
-~ Root
Surface

External
“ Roat
Surface

Distal

Instrumented canal

Uninstrumeanted canal

Figure 11: Gambill et al method: Adapted from Agarwal RS et al., 2015 (127)
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A22.

A23.

Different formula were additionally mentioned in the literature to

evaluate the transportation as follows (105):

e = x) + (vp — ¥

where Xp and Yb are the coordinates for the non-instrumented

canal and Xj and Yj are the coordinates for the instrumented canal.

The resulted amount were then converted to millimeters considered

as amount of canal transportation (105).

J. Lambers formula: Most of the studies that utilized the MCT,
mentioned a special software associated with the CT for
transportation measurement by assessing the changes in the centers
of gravity. (28, 59, 63, 66, 71, 76, 80, 82, 84).

This analyzed in 3D-dimensional through the x-, y- and z-plane
values. For this purpose, the center of gravity for each cross section
of the apical third was calculated, and the connection of these
centers along the z-axis was called the centroid. Apical
transportation, which is referred as (D) in abbreviation of deviation
was determined by comparing the centers of gravity of the pre- and
post-preparation canals based on formula created by J. Lambers

(128) as shown in figure 12.

Figure 12: J. Lambers formula Adapted from Lambers et al., 2009 (128)
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This figure, illustrates three points, point (2, 3, 1) in x y z space, denoted

by the letter P. The three points, point (2, 3, 1) in x y z space, denoted by

the letter P. The origin is denoted by the letter O. The projections of P onto

the coordinate planes are indicated by the diamonds. The dashed lines are

line segments perpendicular to the coordinate planes that connect P to its

projections.

The formula described as follows:

D? = (x; — %)% + (y; — ¥2)?
+ (21 — 23)°

B. Canal Centering ability Measurement

The centering ability was calculated by any of the following:

B.1.

B.2.

B.3.

Dividing the resin quantity removed at the inner and outer walls of the
canals by the resin quantity removed on the opposite wall; a lower value
is considered the numerator of the ratio. If the ratio is equal or closer to

“1”, it is considered a better centering ability (102).

Gambill et al formula (126), which is similarly used to asses
transportation (54, 58, 60, 65, 68, 73, 75, 78-80, 86, 88, 95), A result
equals to 1 indicates perfect centering (54, 58, 65, 68, 86).

Canal gravity center (84) or Calhoun and Montgomery formula (67):
(X1-X2)/Y (129) (figure 13), where:

X1 represents the maximum extent of canal deviation in one path.

X5 1s the movement in the opposite path.

Y is the diameter of the post-instrumented canal preparation.

These measurements were determined by the superimposition of the
pre-instrumentation canal over the post-instrumentation canal. If the
result ratios is closest to 0, it would indicate a superior centering ability
(67, 125).

Figure 13 shows how Calhoun and Montgomery formula is calculated

where:
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(a) represents a cross-section of the tooth, the shaded area represents
the pre-instrumentation canal shape, and the clear area represents the
post-instrumentation canal shape,

(b) represents an enlargement of the box in (a), Xirepresents the
maximum extent of canal movement in one direction, and X> is the
movement in the opposite direction. Y is the diameter of the final canal

preparation (130).

(@)

Figure 13: Calhoun and Montgomery formula Adapted from Calhoun G et al., 1988
(129)

C. Centering Ratio

The calculation of the centering ratio was carried out using different formulas.
Some studies used Calhoun and Montgomery formula. This calculation was
done using a computer software (ImageJ; NIH, Bethesda, MD) (107, 110,
112) or Image-Pro Plus software (109) as used in figure 13. Other studies (23,
51, 54, 64, 74, 77, 81, 85, 87, 94, 97, 123) utilized Gambil equation (M;-
M>)/(D1-D2) (126). Obtained value of 1:1 for the centering ratio indicated a
perfect centering (figure 11).
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2.3.3 Main Methods
Three main methods were cited in our reviewed literature to evaluate the

performance of root canal instrumentation. These are: Double Digital Images,

MCT, and CBCT (125).

I.  Double Digital Images

Double Digital Images or Standardized Images technique has traditionally been
one of the most used methods in endodontic research studies and was widely
mentioned in this review (12, 15, 24, 34, 50, 55, 57, 58, 60, 69, 85, 89, 98, 100,
102-112, 121, 125).

This technique allows a direct analysis of post-instrumentation changes in root
canal system and evaluates the tendency of instruments to maintain the original
canal anatomy under standardized conditions in a simple approach (24, 126).
Assessment of anatomic parameters like transportation, centering ability and
centering ratio were easily achieved when this technique is selected (126). In
addition, residual dentin and cutting efficiency of different instruments could

also be evaluated (131-133).

Double Digital Radiographs/ Photographs Images (DDIR/DDIP) method was
named double because of the double times exposure; one before and one after
instrumentation. It is also called standardized because the technique has to
maintain the same images’ exposure position each time (134). It is relatively
simple to perform, starting by digitizing the radiographs or photographs so that
the operators would have the advantage of controlling contrast and brightness
(135), then superimposing post and pre-instrumentation images using a
computer software to evaluate the degree of canal transportation or other
parameters.

When Double Digital Images method uses muffle system, it is called Bramante
technique or a modification of the muffle block technique (44), where plaster
block placed around a resin or indexed experimental tooth. (44). The block can
be custom machined and sectioned in various planes to allow exact
repositioning of the complete block or sectioned parts of the tooth in same

position (136). In our review, one study applying Bramante technique (125)
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due to its low cost and simplicity, adequacy and considering it a very sufficient
for the assessment of quality of root canal preparation (125).

Photographs and radiographs, cannot be observed in cross section view (137).
All images received from this method are two-dimensional views. Deolivera
etal (76) defined the 2-dimensions as area and perimeter, while the 3-
dimensions as volume, surface area, and structure model index. In clinical
radiograph, the two-dimension images are the clinical (mesiodistal), and the
proximal (buccolingual), which did not display the real transportation because
teeth do not always show their maximum curvatures in the mesiodistal or
buccolingual planes (138, 139). Accordingly different adjustments were
suggested to overcome this by implementing some modification. A
recommendation to take another angulated radiograph, commonly
perpendicular to the first one to provide understanding on the third dimension
was proposed, however this still drops short of generating 3D data for
quantitative analysis (122). Another suggestion was to inspect the tooth and
locate the position of maximum curvature and enable setting it perpendicular
to the X-ray beam (140). This modification was first suggested by Maggiore
(140) allowing an exact evaluation of angle and radius of the curvature (132),
however, still not indicated in cases of root canals with double curvatures
because maximum curvatures in these canals normally occur in multiple planes
(132).

Comparing DDIR to MCT, in evaluating canal transportation, showed similar
statistical result. Although this outcome lacked the clinical relevance,

radiograph is still a reliable and precise tool (85).

Double Digital Images Radiograph (DDIR) illustrates a nondestructive
approach, demonstrating a slow exposure to radiation (137), easy to use, and
has low-cost compared to the MCT, and very preferable to the investigators
(12). All Images were taking in 2 perpendicular directions providing 2D
estimates of 3D structures. This does not give an adequate and complete
description of an object, leading to reduced accuracy in quantitative studies
(100). Interpretation of radiographs and images remains always subjective
(141) and lacks the ability to reveal volumetric information of the 3D view

(100) making CT a superior (12).
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II.

MCT (Micro-Computed Tomography)

The MCT was the most selected method within this review (28, 51, 59, 63, 66-
68, 70,71, 74-88, 93, 94, 96, 97, 100, 123). Authors specified the reason to this
selection as the tool advantages, mainly the ability to obtain 3D assessment of
the root canal preparation (51, 66, 75, 88, 94, 96). One study used this method
to anatomically match the sample to generate a calibrations by having a reliable
baseline and ensures comparability of the groups by standardization (66).
However, Stern et al chosen this method for their accurate images owing to
their higher spatial resolution than conventional clinical scanners (123) and for

their ability to overcome previous techniques limitations (51).

MCT was described as a state of-the-art method in examining the internal
anatomy of teeth (126, 142). MCT can investigate the root canal geometry
based on wide range of parameters including apical transportation, centering
ratio, volume changes, cross-sectional shape, taper, and anatomical structure of
root canal before and after instrumentation (7, 54, 143). Its three dimensional
ability worked by collecting the two-dimensional projections of X-rays through
a specimen, which are then used to reconstruct a three-dimensional image
(144). It has been showed that initial scan that used to compare after shaping

procedure was enough to test the volume change of the canal (145).

Other advantages of MCT method include its ability to detect anatomical
complexities as accessory canals (146), C-shaped canals and isthmuses (147,
148). MCT has emerged as a powerful tool for ex vivo evaluation of root canal
morphology due to its accuracy, noninvasive procedure (54), 3D performance

at both apical level and point of maximum curvature (84).

The images provided through this method, are induced at a resolution of 11.84
mm, proving to be an excellent method for the precise evaluation of the apical
millimeters of instrumented root canals (58). All transferred errors encountered
by using radiographic or photographic are avoided (149). This ability to
imaging a very small structure made using MCT within this context is very
demanding due to its higher magnification and significantly higher resolution

compared with the conventional tomography (145). MCT has higher resolution
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due to the lower voxel size. This importance of the resolution and quality of
the image in scientific researches overweigh the time required for the analysis

(145).

Previous literature that used MCT analysis were hindered either by insufficient
resolution(126) or projection errors (150). Modern machines now offering
better resolutions, more accurate measurement software with the capabilities
of matching multi-dimensional data from specimens before and after
preparation (151). For these reasons, the current generation of MCT is
considered a superior method to evaluate the quality of root canal preparation
techniques (152). In spite of its high cost in requiring a well-trained operator
and long scanning and reconstruction time (145), MCT is becoming a

substantial educational tool for pre-clinical teaching in endodontics (153).
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I1I.

CBCT (Cone-Beam Computed Tomography)

CBCT is an extra-oral imaging method able to produces 3-dimensional scans
of the orofacial skeleton (154). This technique has been selected by few studies
in our review (23, 54, 61, 64, 65, 72, 73, 76, 95, 124) along with its advanced
type like spiral (54) and ICAT (23, 61). One study used the CBCT only for
sample selection process (76). Authors declared that CBCT enabled collecting
homogeneous and balanced experimental groups to analyze 2D and 3D values
of the sample to precisely interpret endodontic instruments behavior during

root canal preparation.

The rationale behind CBCT selection as assessment method, having
noninvasive tool characteristic (23, 124), an accurate reproducible of 3-
dimensional evaluation (23, 54, 64, 76, 95, 154), is that it can detect alterations
in canal curvature, dentin thickness and root canal volume accurately(23, 54,

95, 124, 126, 155, 156).

BCT could overcome the limitations of conventional radiography (157) such
as; compression of a three dimensional object into a two dimensional image,
image distortion, anatomic superimposition (125). This is the main advantages
of the CBCT (158), in addition to the fast data acquisition of CBCT when
compared with MCT (73, 159). It is used in clinical endodontic practice and
more frequently in endodontic researches to evaluate the root canal
morphology, fractures, and changes in prepared root canals (160) volume
change, surface area, 3D root canal axis, thickness, surface convexity, structure

model index (82).

CBCT produces pure clear images with ability to record all the anatomic details
of the teeth (82), however, it has a less resolution compared with MCT, which
may cause problems when enhancing data during imaging for research

purposes (161).

The method name is due to the X-ray beam shape and the area detector captures
a cylinder-shaped volume of data in one gain (162). This made CBCT very
convenient both clinically and in research lab (73), whilst MCT is better
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recommended for laboratory researches only (145). The main shortcomings of
using CBCT method are the high cost of the equipment and the time spent in
both scanning and reconstruction procedures (49, 73, 75, 93, 108, 111). CBCT
scanning requires complex devices, and is more expensive than CT, periapical
and panoramic radiography (163). Moreover its voxel size is large as root canal
transportation measurement is affected by voxel size (164). Voxel size in MCT
ranged from 16.7 mm73 to 39 mm compare with CBCT, which is larger (165),
and could reached up to 400 um (166). The larger voxel size in CBCT imaging
led to a partial volume effect, making it impossible to perform accurate

measurements (167).
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2.3.4 Summary
This detailed discussion of the reviewed studies aimed to enhance understanding
of the most reliable method to evaluate shaping ability of endodontic files
considering the selected parameters, enabling the researchers to have a standard
for testing the shaping ability for NiTi rotary instruments on a strong evidence
base. This would further serve as a reference to the clinical practitioners for their

daily practice.

Measurement of apical transportations can be particularly challenging because
of the fact that there is no gold standard method for their assessment as all
methods chosen by researchers have limitations (122). Additionally, apical
transportation itself is difficult to measure because no standard exists for this
measurement (12, 121). Lastly, it is almost difficult to commence comparison
between studies that assessed root canal transportation and centering ability due
to lack of standardized evaluation methods among the reviewed studies. Studies
on the canal shaping affected by instrumentation need to be homogenous with
respect to multiple factors such as canal shape and size, sample model nature,
proper superimposition of before and after instrumentation images, the selected
method and the study design to objectively evaluate and compare the tools used

for evaluation to achieve the optimal recommendation.

Double Digital Images (DDIR+DDIP) technique is a simple method offering
two-dimensional photograph to the sample, while MCT and CBCT present a
three-dimensional image. Both CT and CBCT are preferred due to their ability
to capture images in three-dimension with accurate measurements, providing an
opportunity for various slices of the same images. They also have a high
efficiency in detecting anatomical complexities in root canal system. They are
both superior methods in evaluating and assessment canal preparation quality
and could help in sample selections; however, they have a larger radiation
exposure, longer time and complex procedure as compared with the Double

Digital methods.
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3 CONCLUSIONS

This work conducted searches and analyses on the canal transportation and centering
ability evaluation parameters. More than 600 studies were identified and screened
resulting in sixty-five studies being selected and analyzed. Some conclusions and

recommendations are:

1. Evaluating the shaping ability of the root canal files becomes essential with the

gradual introduction of new instruments to the market.
2. MCT is an outstanding method in evaluating transportation and centering ability.
3. Future studies should be based on the use of 3D evaluation techniques and more
homogeneous samples so that the result would give a better understanding of the
instrument performance to the internal anatomy of the root canal system.
4. A possible extension to this work is that future reviews should be carried out on

an individual parameter for more accurate results and a systematic review would

be advised for obtaining a better and valid evidence base recommendation.

47



SHAPING ABILITY OF ROTARY ENDODONTIC FILES — STATE OF THE ART

48



REFERENCES

4 REFERENCES

1.

10.

1.

12.

13.

Endodontists AA. Appropriateness of care and quality assurance guidelines of the
American Association of Endodontists. United States: Chicago, IL : The
Association; 1994.

Kakehashi S, Stanley HR, Fitzgerald RJ. The effects of surgical exposures of
dental pulps in germ-free and conventional laboratory rats. Oral Surg Oral Med
Oral Pathol. 1965;20:340-9.

Siqueira JF, Jr., Rocas IN, Ricucci D, Hiilsmann M. Causes and management of
post-treatment apical periodontitis. Br Dent J. 2014;216(6):305-12.

Loizides A, Eliopoulos D, Kontakiotis E. Root canal transportation with a Ni-Ti
rotary file system and stainless steel hand files in simulated root canals.
Quintessence Int. 2006;37(5):369-74.

Peters OA. Current challenges and concepts in the preparation of root canal
systems: a review. J Endod. 2004;30(8):559-67.

Schilder H. Cleaning and shaping the root canal. Dent Clin North Am.
1974;18(2):269-96.

Hiilsmann M, Peters OA, Dummer PMH. Mechanical preparation of root canals:
shaping goals, techniques and means. Endodontic Topics. 2005;10(1).

Weine FS, Kelly RF, Lio PJ. The effect of preparation procedures on original
canal shape and on apical foramen shape. J Endod. 1975;1(8):255-62.

Craig RG, Mcllwain ED, Peyton FA. Bending and torsion properites of
endodontic instruments. Oral Surg Oral Med Oral Pathol. 1968;25(2):239-54.
Schifer E, Florek H. Efficiency of rotary nickel-titanium K3 instruments
compared with stainless steel hand K-Flexofile. Part 1. Shaping ability in
simulated curved canals. Int Endod J. 2003;36(3):199-207.

Kandaswamy D, Venkateshbabu N, Porkodi I, Pradeep G. Canal-centering ability:
An endodontic challenge. J Conserv Dent. 2009;12(1):3-9.

Igbal MK, Floratos S, Hsu YK, Karabucak B. An In Vitro Comparison of Profile
GT and GTX Nickel-Titanium Rotary Instruments in Apical Transportation and
Length Control in Mandibular Molar. Journal of Endodontics. 2010;36(2):302-4.
Kandaswamy D, Venkateshbabu N, Porkodi I, Pradeep G. Canal-centering ability:
An endodontic challenge. Journal of Conservative Dentistry. 2009;12(1):3-9.

49



SHAPING ABILITY OF ROTARY ENDODONTIC FILES — STATE OF THE ART

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Pettiette MT, Delano EO, Trope M. Evaluation of success rate of endodontic
treatment performed by students with stainless-steel K-files and nickel-titanium
hand files. J Endod. 2001;27(2):124-7.

Garcia M, Duran-Sindreu F, Mercadé¢ M, Bueno R, Roig M. A Comparison of
Apical Transportation between ProFile and RaCe Rotary Instruments. Journal of
Endodontics. 2012;38(7):990-2.

McSpadden JT. Mastering Endodontic Instrumentation: Goes Here; 2007.

Walia HM, Brantley WA, Gerstein H. An initial investigation of the bending and
torsional properties of Nitinol root canal files. J Endod. 1988;14(7):346-51.
Bryant ST, Thompson SA, al-Omari MA, Dummer PM. Shaping ability of Profile
rotary nickel-titanium instruments with ISO sized tips in simulated root canals:
Part 1. Int Endod J. 1998;31(4):275-81.

Machtou P, Ruddle CJ. Advancements in the design of endodontic instruments for
root canal preparation. Alpha Omegan. 2004;97(4):8-15.

Gutmann JL, Gao Y. Alteration in the inherent metallic and surface properties of
nickel-titanium root canal instruments to enhance performance, durability and
safety: a focused review. Int Endod J. 2012;45(2):113-28.

Metzger Z, Teperovich E, Zary R, Cohen R, Hof R. The self-adjusting file (SAF).
Part 1: respecting the root canal anatomy--a new concept of endodontic files and
its implementation. J Endod. 2010;36(4):679-90.

Metzger Z. From files to SAF: 3D endodontic treatment is possible at last. Alpha
Omegan. 2011;104(1-2):36-44.

Hashem AAR, Ghoneim AG, Lutfy RA, Foda MY, Omar GAF. Geometric
Analysis of Root Canals Prepared by Four Rotary NiTi Shaping Systems. Journal
of Endodontics. 2012;38(7):996-1000.

Nazarimoghadam K, Daryaeian M, Ramazani N. An in vitro comparison of root
canal transportation by reciproc file with and without glide path. J Dent (Tehran).
2014;11(5):554-9.

Otsuka K, Ren X. Physical metallurgy of Ti—Ni-based shape memory alloys.
Progress in Materials Science. 2005;50(5):511-678.

Biirklein S, Mathey D, Schifer E. Shaping ability of ProTaper NEXT and BT-
RaCe nickel-titanium instruments in severely curved root canals. Int Endod J.

2015;48(8):774-81.

50



REFERENCES

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Saber SE, Nagy MM, Schéfer E. Comparative evaluation of the shaping ability of
ProTaper Next, iRaCe and Hyflex CM rotary NiTi files in severely curved root
canals. Int Endod J. 2015;48(2):131-6.

Peters OA, Arias A, Paqué F. A Micro—computed Tomographic Assessment of
Root Canal Preparation with a Novel Instrument, TRUShape, in Mesial Roots of
Mandibular Molars. Journal of Endodontics. 2015;41(9):1545-50.

Glossen CR, Haller RH, Dove SB, del Rio CE. A comparison of root canal
preparations using Ni-Ti hand, Ni-Ti engine-driven, and K-Flex endodontic
instruments. J Endod. 1995;21(3):146-51.

Guelzow A, Stamm O, Martus P, Kielbassa AM. Comparative study of six rotary
nickel-titanium systems and hand instrumentation for root canal preparation. Int
Endod J. 2005;38(10):743-52.

Schifer E. Shaping ability of Hero 642 rotary nickel-titanium instruments and
stainless steel hand K-Flexofiles in simulated curved root canals. Oral Surg Oral
Med Oral Pathol Oral Radiol Endod. 2001;92(2):215-20.

Schifer E, Lohmann D. Efficiency of rotary nickel-titanium FlexMaster
instruments compared with stainless steel hand K-Flexofile--Part 1. Shaping
ability in simulated curved canals. Int Endod J. 2002;35(6):505-13.

Thompson SA, Dummer PM. Shaping ability of ProFile.04 Taper Series 29 rotary
nickel-titanium instruments in simulated root canals. Part 1. Int Endod J.
1997;30(1):1-7.

Elemam RF, Capelas JA, Vaz M, Viriato N, de Lurdes Ferreira Lobo Pereira M,
Azevedo A. In vitro evaluation of root canal transportation after use of BT-Race
files. Revista Portuguesa de Estomatologia, Medicina Dentaria e Cirurgia
Maxilofacial. 2016;57(2):87-93.

Tomson PL, Simon SR. Contemporary Cleaning and Shaping of the Root Canal
System. Prim Dent J. 2016;5(2):46-53.

Pansheriya E, Goel M, Gupta KD, Ahuja R, Kaur RD, Garg V. Comparative
Evaluation of Apical Transportation and Canal Centric Ability in Apical Region
of Newer nickel-titanium File Systems Using cone-beam computed tomography
on Extracted Molars: An In Vitro Study. Contemporary clinical dentistry.
2018;9(Suppl 2):S215-S20.

Short JA, Morgan LA, Baumgartner JC. A comparison of canal centering ability

of four instrumentation techniques. Journal of Endodontics. 1997;23(8):503-7.

51



SHAPING ABILITY OF ROTARY ENDODONTIC FILES — STATE OF THE ART

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Endodontists AAo. Glossary of Endodontic 7th ed. Chicago: American
Association of Endodontists 2003.

Bergmans L, Van Cleynenbreugel J, Wevers M, Lambrechts P. Mechanical root
canal preparation with NiTi rotary instruments: rationale, performance and safety.
Status report for the American Journal of Dentistry. Am J Dent. 2001;14(5):324-
33.

Elizabeth M. S. Hand instrumentation in root canal preparation. Endodontic
Topics. 2005;10(1):163-7.

Young GR, Parashos P, Messer HH. The principles of techniques for cleaning root
canals. Aust Dent J. 2007;52(1 Suppl):S52-63.

SCHAFER E, DAMMASCHKE T. Development and sequelae of canal
transportation. Endodontic Topics. 2006;15(1):75-90.

Wu MK, Fan B, Wesselink PR. Leakage along apical root fillings in curved root
canals. Part I: effects of apical transportation on seal of root fillings. J Endod.
2000;26(4):210-6.

Abou-Rass M, Frank AL, Glick DH. The anticurvature filing method to prepare
the curved root canal. ] Am Dent Assoc. 1980;101(5):792-4.

C R. Pathways of the pulp. 8th ed. St. Louis: Mosby; 2002.

Biirklein S, Schifer E. Critical evaluation of root canal transportation by
instrumentation. Endodontic Topics. 2013;29(1):110-24.

Zhang EW, Cheung GS, Zheng YF. Influence of cross-sectional design and
dimension on mechanical behavior of nickel-titanium instruments under torsion
and bending: a numerical analysis. J Endod. 2010;36(8):1394-8.

Lim Y-J, Park S-J, Kim H-C, Min K-S. Comparison of the centering ability of
Wave-One and Reciproc nickel-titanium instruments in simulated curved canals.
Restorative dentistry & endodontics. 2013;38(1):21-5.

Aguiar CM, de Andrade Mendes D, Camara AC, de Figueiredo JA. Evaluation of
the centreing ability of the ProTaper Universal rotary system in curved roots in
comparison to Nitiflex files. Aust Endod J. 2009;35(3):174-9.

Burroughs JR, Bergeron BE, Roberts MD, Hagan JL, Himel VT. Shaping ability
of three nickel-titanium endodontic file systems in simulated S-shaped root canals.

J Endod. 2012;38(12):1618-21.

52



REFERENCES

51.

52.

53.

54.

55.

56.

57.

58.

59.

Yamamura B, Cox TC, Heddaya B, Flake NM, Johnson JD, Paranjpe A.
Comparing Canal Transportation and Centering Ability of EndoSequence and
Vortex Rotary Files by Using Micro—Computed Tomography. Journal of
Endodontics. 2012;38(8):1121-5.

Kandaswamy D, Venkateshbabu N, Porkodi I, Pradeep G. Canal-centering ability:
An endodontic challenge. J Conserv Dent. 2009;12(1):3-9.

Jain A, Gupta A, Agrawal R. Comparative analysis of canal-centering ratio, apical
transportation, and remaining dentin thickness between single-file systems, i.e.,
OneShape and WaveOne reciprocation: An In-Vitro study. Journal of
Conservative Dentistry. 2018;21(6):637-41.

Gergi R, Rjeily JA, Sader J, Naaman A. Comparison of Canal Transportation and
Centering Ability of Twisted Files, Pathfile-ProTaper System, and Stainless Steel
Hand K-Files by Using Computed Tomography. Journal of Endodontics.
2010;36(5):904-7.

Karabucak B, Gatan AJ, Hsiao C, Igbal MK. A Comparison of Apical
Transportation and Length Control between EndoSequence and Guidance Rotary
Instruments. Journal of Endodontics. 2010;36(1):123-5.

Yin X, Cheung GS-p, Zhang C, Masuda YM, Kimura Y, Matsumoto K. Micro-
computed Tomographic Comparison of Nickel-Titanium Rotary versus
Traditional Instruments in C-Shaped Root Canal System. Journal of Endodontics.
2010;36(4):708-12.

Setzer FC, Kwon T-K, Karabucak B. Comparison of Apical Transportation
between Two Rotary File Systems and Two Hybrid Rotary Instrumentation
Sequences. Journal of Endodontics. 2010;36(7):1226-9.

Freire LG, Gavini G, Branco-Barletta F, Sanches-Cunha R, dos Santos M.
Microscopic computerized tomographic evaluation of root canal transportation
prepared with twisted or ground nickel-titanium rotary instruments. Oral Surgery,
Oral Medicine, Oral Pathology, Oral Radiology, and Endodontology.
2011;112(6):e143-e8.

Yang G, Yuan G, Yun X, Zhou X, Liu B, Wu H. Effects of Two Nickel-Titanium
Instrument Systems, Mtwo versus ProTaper Universal, on Root Canal Geometry
Assessed by Micro—Computed Tomography. Journal of Endodontics.
2011;37(10):1412-6.

53



SHAPING ABILITY OF ROTARY ENDODONTIC FILES — STATE OF THE ART

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Zarei M, Javidi M, Erfanian M, Lomee M, Afkhami F. Comparison of air-driven
vs electric torque control motors on canal centering ability by ProTaper NiTi
rotary instruments. J Contemp Dent Pract. 2013;14(1):71-5.

Marzouk AM, Ghoneim AG. Computed Tomographic Evaluation of Canal Shape
Instrumented by Different Kinematics Rotary Nickel-Titanium Systems. Journal
of Endodontics. 2013;39(7):906-9.

Cai HX, Cheng HL, Song JW, Chen SY. Comparison of Hero 642 and K3 rotary
nickel-titanium files in curved canals of molars and a systematic review of the
literature. Exp Ther Med. 2014;8(4):1047-54.

Zhao D, Shen Y, Peng B, Haapasalo M. Root Canal Preparation of Mandibular
Molars with 3 Nickel-Titanium Rotary Instruments: A Micro—Computed
Tomographic Study. Journal of Endodontics. 2014;40(11):1860-4.

Elnaghy AM, Elsaka SE. Evaluation of root canal transportation, centering ratio,
and remaining dentin thickness associated with ProTaper Next instruments with
and without glide path. J Endod. 2014;40(12):2053-6.

De Carvalho GM, Sponchiado Junior EC, Garrido ADB, Lia RCC, Roberti Garcia
LdF, Franco Marques AA. Apical Transportation, Centering Ability, and Cleaning
Effectiveness of Reciprocating Single-file System Associated with Different
Glide Path Techniques. Journal of Endodontics. 2015;41(12):2045-9.

Gagliardi J, Versiani MA, de Sousa-Neto MD, Plazas-Garzon A, Basrani B.
Evaluation of the Shaping Characteristics of ProTaper Gold, ProTaper NEXT, and
ProTaper Universal in Curved Canals. Journal of Endodontics. 2015;41(10):1718-
24.

Paleker F, van der Vyver PJ. Comparison of Canal Transportation and Centering
Ability of K-files, ProGlider File, and G-Files: A Micro-Computed Tomography
Study of Curved Root Canals. Journal of Endodontics. 2016;42(7):1105-9.

Da Silva Limoeiro AG, dos Santos AHB, De Martin AS, Kato AS, Fontana CE,
Gavini G, et al. Micro-Computed Tomographic Evaluation of 2 Nickel-Titanium
Instrument Systems in Shaping Root Canals. Journal of Endodontics.
2016;42(3):496-9.

D'Amario M, De Angelis F, Mancino M, Frascaria M, Capogreco M, D'Arcangelo
C. Canal shaping of different single-file systems in curved root canals. Journal of

Dental Sciences. 2017;12(4):328-32.

54



REFERENCES

70.

71.

72.

73.

74.

75.

76.

77.

78.

Belladonna FG, Carvalho MS, Cavalcante DM, Fernandes JT, de Carvalho Maciel
AC, Oliveira HE, et al. Micro—computed Tomography Shaping Ability
Assessment of the New Blue Thermal Treated Reciproc Instrument. Journal of
Endodontics. 2018;44(7):1146-50.

Yuan G, Yang G. Comparative evaluation of the shaping ability of single-file
system versus multi-file system in severely curved root canals. Journal of Dental
Sciences. 2018;13(1):37-42.

Saberi EA, Mollashahi NF, Farahi F. Canal transportation caused by one single-
file and two multiple-file rotary systems: A comparative study using cone-beam
computed tomography. Giornale Italiano di Endodonzia. 2018;32(2):57-62.
Hasheminia SM, Farhad A, Sheikhi M, Soltani P, Hendi SS, Ahmadi M. Cone-
beam Computed Tomographic Analysis of Canal Transportation and Centering
Ability of Single-file Systems. Journal of Endodontics. 2018;44(12):1788-91.
Kyaw Moe MM, Ha JH, Jin MU, Kim YK, Kim SK. Root Canal Shaping Effect
of Instruments with Offset Mass of Rotation in the Mandibular First Molar: A
Micro—computed Tomographic Study. Journal of Endodontics. 2018;44(5):822-7.
Vorster M, van der Vyver PJ, Paleker F. Canal Transportation and Centering
Ability of WaveOne Gold in Combination with and without Different Glide Path
Techniques. Journal of Endodontics. 2018;44(9):1430-5.

Filizola de Oliveira DJ, Leoni GB, da Silva Goulart R, Sousa-Neto MDd, Silva
Sousa YTC, Silva RG. Changes in Geometry and Transportation of Root Canals
with Severe Curvature Prepared by Different Heat-treated Nickel-titanium
Instruments: A Micro—computed Tomographic Study. Journal of Endodontics.
2019;45(6):768-73.

Aydin ZU, Keskin NB, Ozyiirek T, Geneci F, Ocak M, Celik HH. Microcomputed
Assessment of Transportation, Centering Ratio, Canal Area, and Volume Increase
after Single-file Rotary and Reciprocating Glide Path Instrumentation in Curved
Root Canals: A Laboratory Study. Journal of Endodontics. 2019;45(6):791-6.
Haupt F, Pult JRW, Hiilsmann M. Micro—computed Tomographic Evaluation of
the Shaping Ability of 3 Reciprocating Single-File Nickel-Titanium Systems on
Single- and Double-Curved Root Canals. Journal of Endodontics.

2020;46(8):1130-5.

55



SHAPING ABILITY OF ROTARY ENDODONTIC FILES — STATE OF THE ART

79.

80.

81.

82.

&3.

&4.

85.

86.

Pivoto-Jodo MMB, Tanomaru-Filho M, Pinto JC, Espir CG, Guerreiro-Tanomaru
JM. Root Canal Preparation and Enlargement Using Thermally Treated Nickel-
Titanium Rotary Systems in Curved Canals. Journal of Endodontics.
2020;46(11):1758-65.

Fernandes POF, Freire LG, Iglecias EF, Vieira BR, Zuolo ML, Gavini G.
Assessment of Mechanical Root Canal Preparation with Centric Reciprocating or
Eccentric Rotary Kinematics: A Micro—computed Tomographic Study. Journal of
Endodontics. 2020;46(9):1309-16.

Razcha C, Zacharopoulos A, Anestis D, Mikrogeorgis G, Zacharakis G, Lyroudia
K. Micro-Computed Tomographic Evaluation of Canal Transportation and
Centering Ability of 4 Heat-Treated Nickel-Titanium Systems. Journal of
Endodontics. 2020;46(5):675-81.

Pérez Morales MdIN, Gonzalez Sanchez JA, Olivieri JG, ElImsmari F, Salmon P,
Jaramillo DE, et al. Micro-computed Tomographic Assessment and Comparative
Study of the Shaping Ability in Six NiTi files- An In Vitro Study. Journal of
Endodontics. 2021.

Hwang Y-H, Bae K-S, Baek S-H, Kum K-Y, Lee W, Shon W-J, et al. Shaping
Ability of the Conventional Nickel-Titanium and Reciprocating Nickel-Titanium
File Systems: A Comparative Study Using Micro—Computed Tomography.
Journal of Endodontics. 2014;40(8):1186-9.

Pasqualini D, Alovisi M, Cemenasco A, Mancini L, Paolino DS, Bianchi CC, et
al. Micro—-Computed Tomography Evaluation of ProTaper Next and BioRace
Shaping Outcomes in Maxillary First Molar Curved Canals. Journal of
Endodontics. 2015;41(10):1706-10.

Zanesco C, SO MVR, Schmidt S, Fontanella VRC, Grazziotin-Soares R, Barletta
FB. Apical Transportation, Centering Ratio, and Volume Increase after Manual,
Rotary, and Reciprocating Instrumentation in Curved Root Canals: Analysis by
Micro-computed Tomographic and Digital Subtraction Radiography. Journal of
Endodontics. 2017;43(3):486-90.

Marks Duarte P, Barcellos da Silva P, Alcalde MP, Vivan RR, Rosa RAd, Duarte
MAH, et al. Canal Transportation, Centering Ability, and Cyclic Fatigue
Promoted by Twisted File Adaptive and Navigator EVO Instruments at Different
Motions. Journal of Endodontics. 2018;44(9):1425-9.

56



REFERENCES

&7.

88.

&9.

90.

91.

92.

93.

94.

95.

Van der Vyver PJ, Paleker F, Vorster M, de Wet FA. Root Canal Shaping Using
Nickel Titanium, M-Wire, and Gold Wire: A Micro—computed Tomographic
Comparative Study of One Shape, ProTaper Next, and WaveOne Gold
Instruments in Maxillary First Molars. Journal of Endodontics. 2019;45(1):62-7.
Kabil E, Kati¢ M, Ani¢ I, Bago 1. Micro—computed Evaluation of Canal
Transportation and Centering Ability of 5 Rotary and Reciprocating Systems with
Different Metallurgical Properties and Surface Treatments in Curved Root Canals.
Journal of Endodontics. 2020.

Ferrara G, Taschieri S, Corbella S, Ceci C, Del Fabbro M, Machtou P.
Comparative evaluation of the shaping ability of two different nickel-titanium
rotary files in curved root canals of extracted human molar teeth. Journal of
Investigative and Clinical Dentistry. 2017;8(1):e12187.

Kirkevang LL, Horsted-Bindslev P, Orstavik D, Wenzel A. A comparison of the
quality of root canal treatment in two Danish subpopulations examined 1974-75
and 1997-98. Int Endod J. 2001;34(8):607-12.

Bjerndal L, Laustsen MH, Reit C. Root canal treatment in Denmark is most often
carried out in carious vital molar teeth and retreatments are rare. International
Endodontic Journal. 2006;39(10):785-90.

De Oliveira Alves V, da Silveira Bueno CE, Cunha RS, Pinheiro SL, Fontana CE,
de Martin AS. Comparison among Manual Instruments and PathFile and Mtwo
Rotary Instruments to Create a Glide Path in the Root Canal Preparation of Curved
Canals. Journal of Endodontics. 2012;38(1):117-20.

Liu Z, Liu J, Gu L, Liu W, Wei X, Ling J. The shaping and cleaning abilities of
self-adjusting files in the preparation of canals with isthmuses after glidepath
enlargement with ISO or ProTaper Universal NiTi files. Journal of Dental
Sciences. 2016;11(1):83-9.

Perez Morales MdIN, Gonzalez Sanchez JA, Olivieri Fernandez JG, Laperre K,
Abella Sans F, Jaramillo DE, et al. TRUShape Versus XP-endo Shaper: A Micro—
computed Tomographic Assessment and Comparative Study of the Shaping
Ability—An In Vitro Study. Journal of Endodontics. 2020;46(2):271-6.

Nathani T1, Nathani Al, Pawar AM, Khakiani MI, Ruiz X-F, Olivieri JG. Canal
Transportation and Centering Ability in Long Oval Canals: A Multidimentional
Analysis. Journal of Endodontics. 2019;45(10):1242-7.

57



SHAPING ABILITY OF ROTARY ENDODONTIC FILES — STATE OF THE ART

96.

97.

98.

99.

100.

101.

102.

103.

104.

Htun PH, Ebihara A, Maki K, Kimura S, Nishijo M, Okiji T. Cleaning and
Shaping Ability of Gentlefile, HyFlex EDM, and ProTaper Next Instruments:
A Combined Micro—computed Tomographic and Scanning Electron Microscopic
Study. Journal of Endodontics. 2020;46(7):973-9.

Venino PM, Citterio CL, Pellegatta A, Ciccarelli M, Maddalone M. A Micro—
computed Tomography Evaluation of the Shaping Ability of Two Nickel-titanium
Instruments, HyFlex EDM and ProTaper Next. Journal of Endodontics.
2017;43(4):628-32.

Madureira RG, Forner Navarro L, Llena MC, Costa M. Shaping ability of nickel-
titanium rotary instruments in simulated S-shaped root canals. Oral Surgery, Oral
Medicine, Oral Pathology, Oral Radiology, and Endodontology.
2010;109(2):e136-c¢44.

Franco V, Fabiani C, Taschieri S, Malentacca A, Bortolin M, Del Fabbro M.
Investigation on the Shaping Ability of Nickel-Titanium Files When Used with a
Reciprocating Motion. Journal of Endodontics. 2011;37(10):1398-401.

Ounsi HF, Franciosi G, Paragliola R, Al Huzaimi K, Salameh Z, Tay FR, et al.
Comparison of Two Techniques for Assessing the Shaping Efficacy of Repeatedly
Used Nickel-Titanium Rotary Instruments. Journal of Endodontics.
2011;37(6):847-50.

Berutti E, Paolino DS, Chiandussi G, Alovisi M, Cantatore G, Castellucci A, et
al. Root canal anatomy preservation of WaveOne reciprocating files with or
without glide path. J Endod. 2012;38(1):101-4.

Aydin C, Inan U, Gultekin M. Comparison of the shaping ability of Twisted Files
with ProTaper and RevoS nickel-titanium instruments in simulated canals. Journal
of Dental Sciences. 2012;7(3):283-8.

Thompson M, Sidow SJ, Lindsey K, Chuang A, McPherson JC. Evaluation of a
New Filing System's Ability to Maintain Canal Morphology. Journal of
Endodontics. 2014;40(6):867-70.

Saleh AM, Vakili Gilani P, Tavanafar S, Schifer E. Shaping Ability of 4 Different
Single-file Systems in Simulated S-shaped Canals. Journal of Endodontics.

2015;41(4):548-52.

58



REFERENCES

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

Silva EJNL, Tameirdo MDN, Belladonna FG, Neves AA, Souza EM, De-Deus G.
Quantitative Transportation Assessment in Simulated Curved Canals Prepared
with an Adaptive Movement System. Journal of Endodontics. 2015;41(7):1125-
9.

Neto F, Ginjeira A. Comparative analysis of simulated root canals shaping, using
ProTaper Universal, Next and Gold. Revista Portuguesa de Estomatologia,
Medicina Dentaria e Cirurgia Maxilofacial. 2016;57(2):82-6.

Shi L, Wagle S. Comparing the Centering Ability of Different Pathfinding
Systems and Their Effect on Final Instrumentation by Hyflex CM. Journal of
Endodontics. 2017;43(11):1868-71.

Ozyiirek T, Yilmaz K, Uslu G. Shaping Ability of Reciproc, WaveOne GOLD,
and HyFlex EDM Single-file Systems in Simulated S-shaped Canals. Journal of
Endodontics. 2017;43(5):805-9.

Alemam AAH, Dummer PMH, Farnell DJJ. A Comparative Study of ProTaper
Universal and ProTaper Next Used by Undergraduate Students to Prepare Root
Canals. Journal of Endodontics. 2017;43(8):1364-9.

Staffoli S, Ozyiirek T, Hadad A, Lvovsky A, Solomonov M, Azizi H, et al.
Comparison of shaping ability of ProTaper Next and 2Shape nickel-titanium files
in simulated severe curved canals. Giornale Italiano di Endodonzia.
2018;32(2):52-6.

Kataia MM, Roshdy NN, Nagy MM. Comparative analysis of canal transportation
using reciproc blue and wavo one gold in simulated root canals using different
kinematics. Future Dental Journal. 2018;4(2):156-9.

Maki K, Ebihara A, Kimura S, Nishijo M, Tokita D, Okiji T. Effect of Different
Speeds of Up-and-down Motion on Canal Centering Ability and Vertical Force
and Torque Generation of Nickel-titanium Rotary Instruments. Journal of
Endodontics. 2019;45(1):68-72.el.

Ahmad M. The validity of using simulated root canals as models for ultrasonic
instrumentation. Journal of Endodontics. 1989;15(11):544-7.

Khalilak Z, Fallahdoost A, Dadresanfar B, Rezvani G. Comparison of extracted
teeth and simulated resin blocks on apical canal transportation. Iran Endod J.

2008;3(4):109-12.

59



SHAPING ABILITY OF ROTARY ENDODONTIC FILES — STATE OF THE ART

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Schirrmeister JF, Strohl C, Altenburger MJ, Wrbas KT, Hellwig E. Shaping ability
and safety of five different rotary nickel-titanium instruments compared with
stainless steel hand instrumentation in simulated curved root canals. Oral Surg
Oral Med Oral Pathol Oral Radiol Endod. 2006;101(6):807-13.

Bryant ST, Dummer PM, Pitoni C, Bourba M, Moghal S. Shaping ability of .04
and .06 taper ProFile rotary nickel-titanium instruments in simulated root canals.
Int Endod J. 1999;32(3):155-64.

Alshahrani M, Al-Omari M. Shaping ability of ProTaper Next and Navigator EVO
rotary nickel&#8211;titanium file systems in simulated L-shaped and S-shaped
root canals. Saudi Endodontic Journal. 2019;9(3):161-8.

Kum KY, Spingberg L, Cha BY, Il-Young J, Msd, Seung-Jong L, et al. Shaping
ability of three ProFile rotary instrumentation techniques in simulated resin root
canals. J Endod. 2000;26(12):719-23.

Habib AA, Taha MI, Farah EM. Methodologies used in quality assessment of root
canal preparation techniques: Review of the literature. Journal of Taibah
University Medical Sciences. 2015;10(2):123-31.

Fidler A, Plotino G, Kuralt M. A critical review of methods for quantitative
evaluation of root canal transportation. Journal of Endodontics. 2021.
Duran-Sindreu F, Garcia M, Olivieri JG, Mercadé M, Morell6 S, Roig M. A
Comparison of Apical Transportation between FlexMaster and Twisted Files
Rotary Instruments. Journal of Endodontics. 2012;38(7):993-5.

Ounsi HF, Franciosi G, Paragliola R, Goracci C, Grandini S. Effect of repeated
use on the shaping ability of Protaper Universal rotary files. Int Dent SA.
2010;12:30-5.

Stern S, Patel S, Foschi F, Sherriff M, Mannocci F. Changes in centring and
shaping ability using three nickel-titanium instrumentation techniques analysed
by micro-computed tomography (LCT). Int Endod J. 2012;45(6):514-23.

Arican Oztirk B, Atav Ates A, Fisekcioglu E. Cone-Beam Computed
Tomographic Analysis of Shaping Ability of XP-endo Shaper and ProTaper Next
in Large Root Canals. Journal of Endodontics. 2020;46(3):437-43.

Al-Manei KK, Al-Hadlag SMS. Evaluation of the root canal shaping ability of
two rotary nickel-titanium systems. International Endodontic Journal.

2014;47(10):974-9.

60



REFERENCES

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Gambill JM, Alder M, del Rio CE. Comparison of nickel-titanium and stainless
steel hand-file instrumentation using computed tomography. J Endod.
1996;22(7):369-75.

Agarwal RS, Agarwal J, Jain P, Chandra A. Comparative Analysis of Canal
Centering Ability of Different Single File Systems Using Cone Beam Computed
Tomography- An In-Vitro Study. Journal of clinical and diagnostic research :
JCDR. 2015;9(5):Z2C06-10.

Three-Dimensional Coordinate Systems [Internet]. 2009 [cited 6/6/2021].
Available from: https://www.math.usm.edu/lambers/mat169/fall09/lecturel7.pdf.

Calhoun G, Montgomery S. The effects of four instrumentation techniques on root
canal shape. Journal of Endodontics. 1988;14(6):273-7.

Al-Manei KK, Al-Hadlaq SM. Evaluation of the root canal shaping ability of two
rotary nickel-titanium systems. Int Endod J. 2014;47(10):974-9.

Rodig T, Hiilsmann M, Miithge M, Schéfers F. Quality of preparation of oval distal
root canals in mandibular molars using nickel-titanium instruments. International
endodontic journal. 2002;35(11):919-28.

Igbal MK, Maggiore F, Suh B, Edwards KR, Kang J, Kim S. Comparison of
Apical Transportation in Four Ni-Ti Rotary Instrumentation Techniques. Journal
of Endodontics. 2003;29(9):587-91.

Javaheri HH, Javaheri GH. A Comparison of Three Ni-Ti Rotary Instruments in
Apical Transportation. Journal of Endodontics. 2007;33(3):284-6.

Dos Santos MDB, Marceliano MF, Silva E Souza PRdA. Evaluation of apical
deviation in root canals instrumented with K3 and ProTaper systems. J Appl Oral
Sci. 2006;14(6):460-4.

Mouyen F, Benz C, Sonnabend E, Lodter JP. Presentation and physical evaluation
of RadioVisioGraphy. Oral Surg Oral Med Oral Pathol. 1989;68(2):238-42.
Bramante CM, Berbert A, Borges RP. A methodology for evaluation of root canal
instrumentation. Journal of Endodontics. 1987;13(5):243-5.

Dowker SEP, Davis GR, Elliott JC. X-ray microtomography: Nondestructive
three-dimensional imaging for in vitro endodontic studies. Oral Surgery, Oral
Medicine, Oral Pathology, Oral Radiology, and Endodontology. 1997;83(4):510-
6.

Backman CA, Oswald RJ, Pitts DL. A radiographic comparison of two root canal

instrumentation techniques. Journal of Endodontics. 1992;18(1):19-24.

61


https://www.math.usm.edu/lambers/mat169/fall09/lecture17.pdf

SHAPING ABILITY OF ROTARY ENDODONTIC FILES — STATE OF THE ART

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Hiilsmann M, Stryga F. Comparison of root canal preparation using different
automated devices and hand instrumentation. Journal of Endodontics.
1993;19(3):141-5.

F M. Endodontic preparation of curved root canals using the Mac Files: evaluation
using a radiographic method and a computerized analysis. Rome, Italy: University
of Rome; 1993-1994.

Bahia MG, Buono VT. Decrease in the fatigue resistance of nickel-titanium rotary
instruments after clinical use in curved root canals. Oral Surg Oral Med Oral
Pathol Oral Radiol Endod. 2005;100(2):249-55.

Marceliano-Alves MFV, Sousa-Neto MD, Fidel SR, Steier L, Robinson JP,
Pécora JD, et al. Shaping ability of single-file reciprocating and heat-treated
multifile rotary systems: a micro-CT study. International Endodontic Journal.
2015;48(12):1129-36.

Moore J, Fitz-Walter P, Parashos P. A micro-computed tomographic evaluation
of apical root canal preparation using three instrumentation techniques.
International endodontic journal. 2009;42(12):1057-64.

Dufresne T CP, Borah B, Laib A. Microcomputed tomography and its
applications. In: Encyclopaedia of Biomaterials and Biomedical Engineering.
Marcel Dekker Inc.: New York, USA; 2004. 94-1003 p.

Marciano M, Duarte M, Ordinola-Zapata R, Del Carpio-Perochena A, Cavenago
B, Villas Boas M, et al. Applications of micro-computed tomography in
endodontic research. 2012.

Liang X, Zhang Z, Gu J, Wang Z, Vandenberghe B, Jacobs R, et al. Comparison
of micro-CT and cone beam CT on the feasibility of assessing trabecular structures
in mandibular condyle. Dentomaxillofacial Radiology. 2017;46(5):20160435.
Borna Z, Rahimi S, Shahi S, Zand V. Mandibular second premolars with three
root canals: a review and 3 case reports. Iran Endod J. 2011;6(4):179-82.

Fan B, Pan Y, Gao Y, Fang F, Wu Q, Gutmann JL. Three-dimensional
morphologic analysis of isthmuses in the mesial roots of mandibular molars.
Journal of endodontics. 2010;36(11):1866-9.

Peters OA, Paqué F. Root canal preparation of maxillary molars with the self-
adjusting file: A micro-computed tomography study. Journal of Endodontics.

2011;37(1):53-7.

62



REFERENCES

150.

I51.

152.

153.

154.

155.

156.

157.

Nielsen RB, Alyassin AM, Peters DD, Carnes DL, Lancaster J. Microcomputed
tomography: An advanced system for detailed endodontic research. Journal of
Endodontics. 1995;21(11):561-8.

Peters OA, Laib A, Gohring TN, Barbakow F. Changes in root canal geometry
after preparation assessed by high-resolution computed tomography. Journal of
Endodontics. 2001;27(1):1-6.

Stavileci M, Hoxha V, Gérduysus O, Tatar I, Laperre K, Hostens J, et al. Effects
of preparation techniques on root canal shaping assessed by micro-computed
tomography. Med Sci Monit Basic Res [Internet]. 2013 2013/06//; 19:[163-8 pp.].

Available from:

http://europepmec.org/abstract/ MED/23760162

https://www.ncbi.nlm.nih.eov/pmec/articles/pmid/23760162/?tool=EBI

https://www.ncbi.nlm.nih.eov/pmec/articles/pmid/23760162/pdf/?tool=EBI

https://doi.org/10.12659/MSMBR.889350

https://europepmec.org/articles/PMC3692384

https://europepmec.org/articles/PMC3692384?pdf=render.

Gundappa M, Bansal R, Khoriya S, Mohan R. Root canal centering ability of
rotary cutting nickel titanium instruments: A meta-analysis. Journal of
Conservative Dentistry. 2014;17(6):504-9.

Saber SEDM, El Sadat SMA. Effect of Altering the Reciprocation Range on the
Fatigue Life and the Shaping Ability of WaveOne Nickel-Titanium Instruments.
Journal of Endodontics. 2013;39(5):685-8.

Rhodes JS, Ford TRP, Lynch JA, Liepins PJ, Curtis RV. Micro-computed
tomography: a new tool for experimental endodontology. International
Endodontic Journal. 1999;32(3):165-70.

Gluskin AH, Brown DC, Buchanan LS. A reconstructed computerized
tomographic comparison of Ni—Ti rotary GT™ files versus traditional instruments
in canals shaped by novice operators. International Endodontic Journal.
2001;34(6):476-84.

Patel S, Kanagasingam S, Mannocci F. Cone beam computed tomography

(CBCT) in endodontics. Dent Update. 2010;37(6):373-9.

63


http://europepmc.org/abstract/MED/23760162
https://www.ncbi.nlm.nih.gov/pmc/articles/pmid/23760162/?tool=EBI
https://www.ncbi.nlm.nih.gov/pmc/articles/pmid/23760162/pdf/?tool=EBI
https://doi.org/10.12659/MSMBR.889350
https://europepmc.org/articles/PMC3692384
https://europepmc.org/articles/PMC3692384?pdf=render

SHAPING ABILITY OF ROTARY ENDODONTIC FILES — STATE OF THE ART

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Patel S, Dawood A, Ford TP, Whaites E. The potential applications of cone beam
computed tomography in the management of endodontic problems. Int Endod J.
2007;40(10):818-30.

Cohenca N, Shemesh H. Clinical applications of cone beam computed
tomography in endodontics: A comprehensive review. Quintessence Int.
2015;46(6):465-80.

Hartmann MSM, Barletta FB, Camargo Fontanella VR, Vanni JR. Canal
Transportation after Root Canal Instrumentation: A Comparative Study with
Computed Tomography. Journal of Endodontics. 2007;33(8):962-5.

Dhingra A BS, Yadav V, Aggarwal N. . Canal Shaping with ProTaper Next and
ProTaper Universal: A Comparative Study. Annals of Dental Research.
2014;4:16-4.

Jain A, Asrani H, Singhal AC, Bhatia TK, Sharma V, Jaiswal P. Comparative
evaluation of canal transportation, centering ability, and remaining dentin
thickness between WaveOne and ProTaper rotary by using cone beam computed
tomography: An In-Vitro study. J Conserv Dent. 2016;19(5):440-4.

Low KMT, Dula K, Biirgin W, von Arx T. Comparison of Periapical Radiography
and Limited Cone-Beam Tomography in Posterior Maxillary Teeth Referred for
Apical Surgery. Journal of Endodontics. 2008;34(5):557-62.

Ozer SY. Comparison of root canal transportation induced by three rotary systems
with noncutting tips using computed tomography. Oral Surgery, Oral Medicine,
Oral Pathology, Oral Radiology, and Endodontology. 2011;111(2):244-50.
Peters OA, Schonenberger K, Laib A. Effects of four Ni-Ti preparation techniques
on root canal geometry assessed by micro computed tomography. International
Endodontic Journal. 2001;34(3):221-30.

Nemtoi A, Czink C, Haba D, Gahleitner A. Cone beam CT: a current overview of
devices. Dentomaxillofacial Radiology. 2013;42(8):20120443.

Oliveira CAP, Meurer MI, Pascoalato C, Silva SRC. Cone-beam computed
tomography analysis of the apical third of curved roots after mechanical
preparation with different automated systems. Brazilian Dental Journal.

2009;20(5):376-81.

64



