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Abstract
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three instrumentation techniques. International Endodontic
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Aim To investigate the morphological changes in the
apical third of the root canal after preparation with
three techniques.

Methodology Forty molar teeth were scanned
using micro-computed tomography before and after
instrumentation with: Group 1 — stainless steel K-files
using the balanced force technique; Group 2 —
stainless steel K-files (balanced force) and then refining
the apical preparation with the equivalent size 0.04
taper FlexMaster instrument; Group 3 — a hybrid
ProTaper/FlexMaster (ProFile for sizes 45 and 60)
sequence. FEight canals were excluded because of
artefacts in the images or unnegotiable blockages
leaving 110 canals that could be analysed. Apical root
canal preparation was evaluated with respect to the
amount of dentine removed, canal roundness, trans-
portation and how the dimensions of the prepared

apical root canal correlated with those of the final
instrument used.

Results The median apical preparation sizes for the
three groups respectively were: 30, 30 and 40.
Despite the larger size and less experienced operator,
the volumetric change (the amount of dentine
removed) in canals prepared with a hybrid rotary
nickel-titanium instrumentation technique remained
small and, a more rounded preparation (P < 0.001)
that closely matched the final instrument dimensions
(P < 0.001) was produced. There was a trend for less
canal transportation using rotary nickel-titanium
instruments.

Conclusions Stainless steel hand preparation was
not conservative of apical dentine. When used cor-
rectly, even by less experienced operators, rotary
nickel-titanium instruments were able to precisely
‘machine’ a canal to larger apical sizes with minimal
risk of iatrogenic damage.
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Introduction

It is well established that intra-radicular microbial
infection is the primary cause of apical periodontitis
(Kakehashi et al. 1965, Sundqvist 1976, Moller et al.
1981). Instrumentation forms an integral part of the
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process of eliminating or reducing the number of
microorganisms to a level that will allow healing of the
periapical tissues (Bystrom & Sundqvist 1981).
Technically, the goal of endodontic instrumentation
is to remove all necrotic and vital pulp tissue along
with heavily infected radicular dentine. Instrumenta-
tion also shapes the root canals for improved irrigation,
placement of intracanal medicaments and facilitates
obturation to a high technical standard (Haapasalo
et al. 2005). However, any instrumentation that
removes excessive dentine and substantially changes
the canal anatomy will not only lead to iatrogenic
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preparation errors (Weine et al. 1975, 1976) but it
may adversely affect the strength of the tooth (Sathorn
et al. 2005, Versluis et al. 2006).

Micro-computed tomography (micro-CT) is a nonde-
structive analytical method that has enabled research-
ers to examine the effects of root canal instrumentation
in three-dimensions (Nielsen et al. 1995, Peters et al.
2000, Rhodes et al. 2000, Bergmans et al. 2001). A
number of investigations have now been carried out
using micro-CT to examine the effects of different hand
and rotary instrumentation techniques on root canal
anatomy (Peters et al. 2001a,b, 2003, Bergmans et al.
2002, 2003, Hiibscher et al. 2003). However, none
has specifically focussed on the apical portion of the
root canal or how the preparation dimensions relate to
the final instrument used.

This is an area of interest, as there is evidence that
the apical portion of the root canal may harbour a
critical level of microorganisms that could maintain
apical periodontitis (Nair et al. 1990) and that
increased apical debridement improves reduction in
the microbial levels (Siqueira et al. 1999, Shuping et al.
2000, Card et al. 2002, Rollison et al. 2002). Larger
apical preparation sizes will decrease the amount of
infected dentine, pulpal debris and canal irregularities
(Tan & Messer 2002), as well as improving efficacy of
irrigant solutions (Shuping et al. 2000, Khademi et al.
2006) and potentially clinical outcomes. Furthermore,
considering that the average size of the apical canal is
approximately 0.30-0.35 mm (Kuttler 1955, Kerekes
& Tronstad 1977), preparation to larger apical sizes
appears logical (Spangberg 2001).

Despite these benefits and knowledge of the apical
canal anatomy, the concept of larger apical sizes has not
been widely adopted because of concern over iatrogenic
apical preparation errors. The aim of this study was to
investigate the morphological changes in the apical
third of root canals after preparation with three instru-
mentation techniques using micro-CT scanning.

Materials and methods

Ethics approval for this research project was obtained
from the Health Sciences Human Ethics Sub-Commit-
tee, The University of Melbourne, Melbourne, Victoria,
Australia (Ethics ID: 0714905).

Preparation of specimens

Twenty-one maxillary and nineteen mandibular first
molar teeth with no history of endodontic treatment
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were used. All teeth were stored in 0.9% saline
solution. Caries and restorations were removed and
access cavities prepared with a high speed diamond
bur. The occlusal surface was reduced by 2 mm to
provide reproducible reference points and positioning in
the micro-CT scanners (SkyScan 1072 and SkyScan
1076, Kontich, Belgium).

Teeth were mounted in the scanners with the flat
occlusal surfaces against an SEM stub (SkyScan 1072,
Kontich, Belgium) or resin disc (SkyScan 1076, Kon-
tich, Belgium) to allow reproducible orientation in the
pre- and post-instrumentation micro-CT scans. All
teeth were scanned by micro-CT prior to negotiation
of canals. No attempt was made to instrument second
mesio-buccal canals because their anatomy was too
variable and it may have compromised the assessment
of the main mesio-buccal canal.

Canals were negotiated to patency with size 8 and 10
Hedstrom files (Dentsply Maillefer, Ballaigues, Switzer-
land) and working length was set 1 mm from the apical
foramen. Digital radiographs were taken from bucco-
lingual and mesio-distal directions with size 10
Hedstrom files (Dentsply Maillefer, Ballaigues, Switzer-
land) in the canals to allow calculation of canal angles
and radius of curvature using image processing
software (ImageTool v3.0; UT Health Science Centre,
San Antonio, TX, USA) for incorporation into the
statistical analysis (Schneider 1971, Pruett et al
1997). Teeth were divided evenly, ensuring an equita-
ble distribution of canal numbers, canal curvatures and
radii between the two operators and the canals were
allocated into groups representing three instrumenta-
tion protocols.

Group 1 was prepared by one operator using Gates
Glidden burs 2 and 3 (Dentsply Maillefer) for coronal
flaring and gaining straight line access to the middle
third, and the balanced force technique (Roane et al.
1985) with stainless steel K-files (Dentsply Maillefer)
for the remaining preparation. All the mesio-buccal
canals of maxillary and mandibular teeth in Group 1
were refined with the corresponding FlexMaster 0.04
taper (VDW, Munich, Germany) rotary nickel-
titanium instrument (e.g. 30 K-file refined with size
30, 0.04 taper FlexMaster) used in a torque-
controlled handpiece (Endo IT Professional, VDW,
Munich, Germany) at manufacturer recommended
settings. Those canals were then considered a sepa-
rate group (Group 2) in the analysis of the results.
Group 3 was prepared by the second operator using
a hybrid rotary instrumentation technique similar to
that described by Walsch (2004). After negotiation
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with a size 15 Hedstrom file (Dentsply Maillefer),
ProTaper S1, S2 and F1 (Dentsply Maillefer) were
used to working length. The apical preparation was
finished with a FlexMaster 0.04 taper nickel-titanium
instrument (VDW). In situations where 0.04 taper
instruments larger than size 40 were required but
not available in the FlexMaster range, ProFile 0.04
taper rotary nickel-titanium instruments (Dentsply
Maillefer) were used (i.e. sizes 45 and 60). All rotary
nickel-titanium instruments were used in a torque-
controlled handpiece (Endo IT Professional, VDW,
Munich, Germany) at manufacturer recommended
settings.

New instruments were used for each tooth and 1%
sodium hypochlorite was used as an irrigant. The
method used to determine the final apical preparation
size in Groups 1 and 2 (where the balanced force
technique was utilized) was based on the original
Grossman criterion of three sizes larger than the first
file that bound at working length (Grossman et al.
1988). In Group 3, the operator observed the apical
portion of the instrument for the presence of dentine
debris. Once the instrument flutes in the apical third
were loaded with dentine debris, the apical preparation
was considered to be complete. The minimum, median
and maximum master apical file sizes for each group
are presented in Table 1. The preparation technique
described for Group 1 was chosen because that
operator had successfully used it in private specialist
endodontic practice for over 20 years. The technique
described in Group 2 was a recent modification to it.
The canal preparation technique used for Group 3 was
what is taught in the graduate endodontic programme
at the Melbourne Dental School and as such the second
operator was familiar with it, having used it exclusively
for over 2 years.

Micro-CT measurements and evaluations

The micro-CT machines (SkyScan 1072 and 1076,
Kontich, Belgium) were used at 80 kV to scan the
specimens. Two machines were used in order to allow
scanning in the shortest period of time. Both scanners
produced the same resolution images and all the scans
were analysed with the same software. The same
machine was used for a specific tooth before and after
instrumentation to avoid inter-machine variability.
Typically 700-900 slices (voxel size 17.4 x 17.4
X 17.4um) were scanned per tooth. Canals were
reconstructed using NRecon volumetric reconstruction
software (v1.4.4. SkyScan, Kontich, Belgium) and
analysed with CT Analyser image analysis software
(v1.6.1.1. SkyScan, Kontich, Belgium). Of the original
118 root canals, eight (two from Group 1, one from
Group 2 and five from Group 3) had to be excluded
because of artefacts in either the pre or post-instru-
mentation images or blockages that prevented negoti-
ation to the apical foramen. This left a total of 110 root
canals that could be analysed quantitatively.

The volume of interest was set using the technique
described by Peters et al. (2000). However, the vertical
range was limited to 7 mm from the apical foramen
allowing calculation of the amount of dentine removed
and the roundness of the apical 6 mm of canal
preparation. In contrast, canal transportation and the
difference between the canal dimensions and those of
the final instrument used were only calculated over the
apical 1 mm of canal preparation (located 1-2 mm
from the apical foramen).

The amount of dentine removed was represented by
the change in volume (A Volume) and was calculated
as the difference between the pre- and post-instrumen-
tation canal values. The post-instrumentation struc-

Table 1 Group information and morphometric scores evaluating apical canal preparation (mean * SD)

Minimum, Median,

Structural model

Group n Maximum MAF A Volume (mm?3) index A Centroid (mm) A Diameter (mm)
1 39 25, 30, 35 1.00 + 0.66 2.63 £ 0.18 0.060 + 0.047 0.026 + 0.020

2 18 25, 30, 30 0.94 + 0.58° 2.66 = 0.15 0.076 = 0.052 0.023 = 0.018¢
1/2 57 25, 30, 35 0.98 + 0.63 2.64 = 0.17 0.065 + 0.049 0.025 + 0.019

3 53 30, 40, 60 0.96 + 0.47 2.83 + 0.122 0.052 + 0.057 0.013 = 0.012°

Master apical file (MAF) values refer to the minimum, median or maximum final instrument size used in any canal in that particular

group.

2Statistically different from Group 1 (P < 0.001), Group 2 (P = 0.003) and combined Group 1/2 (P < 0.001).
bStatistically different from Group 1 (P = 0.007) and combined Group 1/2 (P < 0.001).
°Mean is less than Group 1 because this group does not contain any P or D canals which had the highest mean A Volume scores (1.03

and 1.27 mm? respectively).

9Mean is less than Group 1 because the average instrument diameter is larger, making the difference between the preparation and

instrument dimensions smaller.

© 2009 International Endodontic Journal
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tural model index (SMI) was recorded to quantify the
canal ‘roundness’ (Lorensen & Cline 1987, Hildebrand
& Riiegsegger 1997b, Peters et al. 2000). SMI values
will range between O and 4, where O corresponds to an
ideal plate, 3 an ideal cylinder and 4 a sphere
(Hildebrand & Riiegsegger 1997b). In an endodontic
application of this morphological parameter, the closer
a value is to 3, the closer the preparation represents a
cylinder and the ‘rounder’ the canal (Peters et al
2000).

The average canal diameter, described by Hildebrand
& Riiegsegger (1997a), was calculated over the apical
1 mm of the preparation and compared to the theoret-
ical average diameter of the master apical file (MAF).
Any difference was recorded as A Diameter and
indicated how the preparation dimensions correlated
with those of the MAF. Transportation (A Centroid)
over the apical 1 mm of canal preparation was also
recorded. This involved calculating the three-dimen-
sional distance between the centre of the canal and the
centre of the external root surface using a Euclidean
distance calculator (Teknomo 2006). Any change
between the pre- and post-instrumentation distances
represented transportation.

Statistical analysis

Means and standard deviations were calculated for
each test group and analysed using Minitab® 15.1.1.0
(2007). ANovA tests were conducted to determine if
there was any statistical difference between the exper-
imental groups for a special outcome variable at
P = 0.05. Where a statistical difference between groups
was noted, pair-wise analysis was undertaken using
Fisher’s LSD (least significant difference) test.

To determine the impact of any pre- or intra-
operative variable (working length, canal angle, radius
of curvature, presence of an s-shaped canal and MAF),
the ANovA model was refit and pair-wise analysis using
Fisher’s LSD test was used when a statistical difference
was noted between groups. Analysis was conducted
without the pre-operative variables of S-shaped canals
because of the lack of a unique canal angle or radius.
The complete statistical analysis was repeated after
data from Groups 1 and 2 were combined.

Results

Scanning of the canals before and after instrumenta-
tion produced cross-sectional images that were exam-
ined for shape and the presence of any procedural
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errors. The cross-sections were subsequently recon-
structed and analysed to quantify the three-dimen-
sional morphological changes in each canal. Generally,
as is demonstrated in Fig. 1, rotary nickel-titanium
instruments maintained the original canal position,
produced round, uniformly tapered preparations and
were free from procedural errors. Canals prepared with
stainless steel instruments had a more irregular cross-
sectional appearance and taper, with deficiencies noted
apically and where Gates Glidden instruments were
used to remove dentine irregularities and interferences.

A summary of the data is presented in Table 1. As
Group 2 was essentially the same preparation tech-
nique as Group 1, but with the final canal shape refined
using a rotary nickel-titanium instrument, those two
groups were combined for further statistical analysis
(Group 1/2). The mean (x SD) bucco-lingual angle and
radius of curvature for all the canals were
20.03 £ 13.23 degrees and 5.60 £ 1.55 mm respec-
tively; and the mean (£ SD) mesio-distal canal angle
and radius of curvature were 13.65 + 11.21 degrees
and 5.61 = 1.64 mm respectively.

The only statistical differences observed between the
experimental groups were how ‘round’ the canals were
(SMI) and how close the prepared canal dimensions
were to the final instrument used (A Diameter). The
SMI in Group 3 (2.83 £ 0.12) was statistically different
from Group 1 and Group 2 as well as the combined
Group 1/2 (P < 0.001, P =0.003 and P < 0.001
respectively). With respect to the A Diameter, Group
3 was statistically different from Group 1 and the
combined Group 1/2 (P =0.007 and P < 0.001
respectively). The amount of dentine removed (A
Volume) and the canal transportation (A Centroid)
were less in Group 3 compared to Group 1 and the
combined Group 1/2 however, the results were not
statistically different.

Structural model index and A Diameter were further
analysed using an ANovA model adjusting for pre- and
intra-operative variables. Group 1 always remained
statistically different from Group 3 with respect to both
SMI and A Diameter. However, increasing the MAF had
a detrimental effect on canals in Group 2 with the
Group 2-3 comparison of A Diameter becoming statis-
tically significant (P = 0.036). When examining the
effect of the canal angle, as it increased, the mean A
Diameter of Groups 1 and 2 became significant
(P < 0.001). These results indicated that the two
influential factors on the results were the final instru-
ment size (MAF) and the canal angle. As either of those
was increased, the difference between the instrumen-

© 2009 International Endodontic Journal
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Figure 1 Examples of micro-computed tomography (micro-CT) cross-sectional images from the apical third of root canals and the
three-dimensional reconstructions. Pre-instrumentation (a) and post-instrumentation (b) micro-CT slices of a tooth prepared using
Gates Glidden drills and stainless steel K-files then refined with a rotary nickel-titanium instrument in the MB canal (final
preparation sizes: MB 30/0.04, DB 25/0.02, P 35/0.02); three-dimensional reconstruction of tooth presented in a-b (c); pre-
instrumentation (d) and post-instrumentation (e) micro-CT slices of a tooth prepared using rotary nickel-titanium instruments
(final preparation sizes: MB 40/0.04, DB 40/0.04, P 45/0.04); three-dimensional reconstruction of tooth presented in d—e (f). Note
the rounder, more centered preparations in canals prepared with rotary nickel-titanium instruments (e) and the excessive dentine

removal from Gates Glidden preparation steps (c).

tation techniques became more noticeable. When
Groups 1 and 2 were combined and the analysis
repeated, no pre- or intra-operative variable was found
to be influential. As the preparation in each group was
only performed by one operator, it was not possible to
determine the effect of group over operator in the
statistical analysis.

Discussion

The principal limitations concerning the methodology
of this study were the fact that the final instrument size
(MAF) was not standardized and that the experience of
the operators varied greatly. The nonstandardized
apical preparation sizes do make a direct comparison
of the change in volume (A Volume) and the conclu-
sions drawn from it initially seem invalid. However,

© 2009 International Endodontic Journal

when consideration is given to the fact that the median
MAF in Group 3 is the largest, yet the change in
volume remains small, it would appear that the results
do in fact support the hypothesis that rotary nickel—
titanium instruments are conservative in the total
amount of dentine they remove. A similar argument
could be proposed with respect to operator variability
and the effect on the results. Whilst it cannot be ruled
out statistically, as the less experienced operator
actually achieved better results, this would seem to
offer support to the notion that it was the technique
rather than the operator that had the greatest effect on
the results seen in this investigation.

The morphological parameters measured in this
study have been previously described and applied to
endodontic investigations in the literature (Peters et al.
2000, 2001a,b, 2003, Bergmans et al. 2002, 2003,
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Hiibscher et al. 2003). However, the results of this
study are not directly comparable because of the
different area of interest. All of the previous studies
(Peters et al. 2001a,b, 2003, Bergmans et al. 2002,
2003, Hiibscher et al. 2003) examined the entire
length of the canal (apical foramen to furcation)
whereas this study was only interested in the apical
portion. Consequently, A volume was not as large as
that seen in Peters et al. (2001a,b, 2003), Bergmans
et al. (2002, 2003) or Hiibscher et al. (2003) and
postoperative SMI was smaller because of the more
complex apical morphology.

The results for transportation were similar to previ-
ous studies, though again, it is difficult to compare
them because Peters et al. (2001a,b, 2003) and Hiib-
scher et al. (2003) measured changes in centroid over a
larger range and Bergmans et al. (2002, 2003) mea-
sured movement in eight different directions, not
stating an overall figure. A recent study (Cheung &
Cheung 2008) has compared the final canal dimen-
sions to that of the final instrument used and concluded
similarly to this study, that the final preparation taper
and dimensions closely match those of the rotary
nickel-titanium instruments used. However, whilst a
similar trend is observed, because they did not state the
actual values in their paper, a direct comparison of
results is not possible.

The results of this study indicated that a hybrid
rotary instrumentation technique (Group 3) (Walsch
2004), removed similar or less dentine despite the
largest median MAF size. The hybrid technique also
produced the least mean transportation although both
these findings were not statistically significant. Canals
prepared by rotary nickel-titanium instruments (Group
3) were statistically rounder and the dimensions more
closely matched that of the final instrument used. This
correlates well with the results showing less dentine
removal (A Volume) and less transportation (A Cen-
troid). Investigation into the effects of pre- and intra-
operative variables revealed that the canal angle and
MAF had an impact on the results. As the canal angle
or the MAF size was increased, the difference between
Group 3 and either Group 1 or 2 became more obvious,
reflecting the advantages of rotary nickel-titanium
instruments over that of stainless steel in curved root
canals. Clinically, this would equate to a more ‘con-
servative’ and ‘safer’ preparation despite the increased
apical debridement.

The results of this study agree with previous inves-
tigations into the advantages of rotary nickel-titanium
instruments over stainless steel instruments (Esposito &
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Cunningham 1995, Glossen et al. 1995). However,
they are not as dramatic because the methodology in
this study did not specify an MAF size. Instead, each
was prepared to a size determined by the operator to be
appropriate for the specific canal which may be less
scientifically valuable but more clinically relevant.

The clinical implications of this study are that using
a predominantly stainless steel hand preparation tech-
nique may not be as conservative of apical root canal
dentine and that when used correctly, even by less
experienced practitioners, rotary nickel-titanium
instruments are able to precisely prepare a canal to
larger apical sizes with minimal risk of iatrogenic
damage.

Conclusion

The results of this study suggest that a hybrid rotary
nickel-titanium instrumentation technique produces
rounder canals (P < 0.001) whose dimensions more
closely match those of the final instrument used
(P < 0.001). They also highlight the trend that despite
a larger median apical preparation size, rotary nickel—
titanium instruments remove less total dentine and
result in less transportation. This was especially the
case in canals with more severe curvatures where
undesired apical dentine removal by stainless steel
instruments became more pronounced.

Based on this evidence and that of previous studies
comparing stainless steel hand preparation with rotary
nickel-titanium instrumentation, using rotary nickel—
titanium instruments to prepare root canals to larger
apical sizes (around 0.40 mm) is supported and carries
a minimal risk of iatrogenic damage even in the hands
of less experienced operators.
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