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 Shaping ability and cleaning effectiveness of two
 single-file systems in severely curved root canals of
 extracted teeth: Reciproc and WaveOne versus
 Mtwo and ProTaper
 S. Burklein1
 , K. Hinschitza1
 , T. Dammaschke2
 & E. Schafer1
 1Central Interdisciplinary Ambulance in the School of Dentistry, University of Munster, Munster; and   2Department of Operative
 Dentistry, University of Munster, Munster, Germany
 Abstract
 Burklein S, Hinschitza K, Dammaschke T, Schafer E.
 Shaping ability and cleaning effectiveness of two single-file
 systems in severely curved root canals of extracted teeth:
 Reciproc and WaveOne versus Mtwo and ProTaper.   Interna- 
 tional Endodontic Journal ,  45 , 449–461, 2012.
 Aim   To compare shaping ability and cleaning effec-
 tiveness of two reciprocating single-file systems with
 Mtwo and ProTaper rotary instruments during the
 preparation of curved root canals in extracted teeth.
 Methodology  A total of 80 root canals with curva-
 tures ranging between 25  and 39  were divided into
 four groups of 20 canals. Based on radiographs taken
 prior to instrumentation, the groups were balanced
 with respect to the angle and the radius of canal
 curvature. Canals were prepared to the following apicalsizes: Mtwo: size 35 using the single-length technique;
 ProTaper: F3, instruments were used in a modified
 crown-down manner; Reciproc and WaveOne: size 25.
 Using pre- and post-instrumentation radiographs,
 straightening of the canal curvatures was determined
 with a computer image analysis program. Preparation
 time and instrument failures were also recorded. These
 data were analysed statistically using   anova   and
 Student–Newman–Keuls test. The amounts of debris
 and smear layer were quantified on the basis of a
 numerical evaluation scale and were analysed statisti-
 cally using the Kruskal–Wallis test.
 Results   During preparation no file fractured. All
 instruments maintained the original canal curvature
 well with no significant differences between the differ-
 ent files (P  = 0.382). Instrumentation with Reciproc
 was significantly faster than with all other instruments
 (P   < 0.05), while WaveOne was significantly faster
 than Mtwo and ProTaper (P  < 0.05). For debris
 removal, Mtwo and Reciproc instruments achieved
 significantly better results (P  < 0.05) than the other
 instruments in the apical third of the canals. In the
 middle and coronal parts, no significant differences
 were obtained between Mtwo, Reciproc and WaveOne
 (P  > 0.05), while ProTaper showed significantly more
 residual debris (P   < 0.05). The results for remaining
 smear layer were similar and not significantly different
 for the different parts of the canals (P  > 0.05).
 Conclusions  Under the conditions of this study, allinstruments maintained the original canal curvature
 well and were safe to use. The use of Mtwo and
 Reciproc instruments resulted in better canal cleanli-
 ness in the apical part compared with ProTaper and
 WaveOne.
 Keywords:  canal curvature, canal straightening,
 debris, reciprocating motion, smear layer.
 Received 31 October 2011; accepted 25 November 2011
 Introduction
 The reduction in intracanal micro-organisms is the
 major goal of root canal treatment. This can be
 Correspondence: Edgar Schafer, Central Interdisciplinary
 Ambulance, Waldeyerstr. 30, D-48149 Munster, Germany
 (Fax: +251-834-3749; e-mail: [email protected])
 doi:10.1111/j.1365-2591.2011.01996.x
 ª  2011   International Endodontic Journal International Endodontic Journal,  45 , 449–461, 2012   449
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 achieved using a proper chemo-mechanical prepara-
 tion (Hulsmann  et al.  2005, Averbach & Kleier 2006)
 and is thus essential for successful endodontic treat-
 ment. However, currently no instrument can predict-
 ably clean the entire root canal system (Usman   et al.
 2004, Haapasalo   et al.   2005, Hulsmann   et al.   2005,
 Paque et al.  2009, Fornari  et al.   2010), and especiallyin the apical portion of the root canals, the cleaning
 efficiency is limited (Wu & Wesselink 1995, Hulsmann
 et al.  1997, 2003, Ahlquist  et al.  2001, Gambarini &
 Laszkiewicz 2002, Schafer & Schlingemann 2003,
 Foschi   et al.   2004, Schafer & Vlassis 2004, Paque
 et al.  2005). Thus, there is still controversy regarding
 the optimal size of apical root canal enlargement to
 maximize cleaning efficiency in this crucial part of 
 the root canal (Albrecht   et al.   2004, Falk & Sedgley
 2005, Bartha   et al.   2006). Additionally, the taper of 
 root canal preparations seems not to affect canal
 cleanliness as even when using instruments having
 greater tapers, smear layer removal is not sufficiently
 achieved in the apical portion of the canals (Arvaniti &
 Khabbaz 2011).
 The recently introduced nickel-titanium (NiTi) files
 Reciproc (VDW, Munich, Germany) and WaveOne
 (Dentsply Maillefer, Ballaigues, Switzerland) are
 claimed to be able to completely prepare and clean
 root canals with only one instrument. These files are
 made of a special NiTi-alloy called M-Wire that is
 created by an innovative thermal-treatment process.
 The benefits of this M-Wire NiTi are increased flexibility
 of the instruments and improved resistance to cyclic
 fatigue (Shen   et al.   2006). These files are used in areciprocal motion that requires special automated
 devices. Reciproc files are available in different sizes
 25, taper 08; 40, taper 06; 50, taper 05 and WaveOne
 are available in the sizes 21, taper 06; 25, taper 08;
 and 40, taper 08. The reciprocating movement relieves
 stress on the instrument and, therefore, reduces the risk
 of cyclic fatigue caused by tension and compression
 (De-Deus  et al.  2010b, Varela-Patino  et al.  2010). The
 reciprocation working motion consists of a counter-
 clockwise (cutting direction) and a clockwise motion
 (release of the instrument), while the angle of the
 counterclockwise cutting direction is greater than
 the angle of the reverse direction. Due to the fact that
 the counterclockwise angle is greater than the clock-
 wise one, it is claimed that the instrument continuously
 progresses towards the apex of the root canal. The
 angles of reciprocation are specific to the design of the
 particular instruments and are programmed in an
 electronic motor. The angles of reciprocating are
 smaller than the elastic limit of the files in a single
 reciprocating movement, but not when multiple anti-
 clockwise/clockwise movements are made and the tip
 of the file binds in the canal. In general, reciprocating
 root canal preparation is an evolution of the balanced
 force technique that allows shaping of even severely
 curved canals with hand instruments to larger apicaldiameters (Roane  et al.  1985).
 The manufacturer of Reciproc instruments does not
 strictly recommend creating a glide path when using
 the reciprocating instrumentation. However, a glide
 path of at least size 10 is recommended in the
 manufacturer’s instructions for the use of WaveOne
 instruments.
 Up to now, there are no studies available concerning
 the shaping ability and cleaning efficiency of these
 recently introduced instruments used in reciprocating
 motion. Hence, a comparison of these single-file
 systems with well-known rotary full-sequence NiTi
 systems is necessary to assess the properties of these
 new files. Mtwo and ProTaper are the rotary full-
 sequence NiTi systems of the same manufacturers and
 thus were used in the present investigation as controls.
 Both files have been evaluated in numerous investiga-
 tions concerning cleaning and shaping of even severely
 curved root canals (Foschi   et al.   2004, Kuzekanani
 et al.   2009, Vahid   et al.   2009, Machado   et al.   2010,
 Yang  et al.  2011).
 The investigated WaveOne file 25.08 has a contin-
 uously decreasing taper from its tip to its shaft (0.8,
 0.65,0.6, 0.55) and is characterized by different cross-
 sectional designs over the entire length of the workingpart. In the tip region, the cross-section presents radial
 lands, while in the middle part of the working length
 and near the shaft, the cross-sectional design changes
 from a modified triangular convex cross-section with
 radial lands to a neutral rake angle with a triangular
 convex cross-section analogue to the ProTaper F2 file
 near the shaft (Figs 1 and 2). On the contrary, Reciproc
 files have a continuous taper over the first 3 mm of 
 their working part followed by a decreasing taper until
 the shaft. An S-shaped cross-section is used for the
 entire working part of the instruments. Reciproc
 instruments possess sharp cutting edges (Fig. 3). The
 design features of Mtwo and ProTaper have been
 described in detail in previous papers (Schafer & Vlassis
 2004, Schafer  et al.  2006).
 The aim of this investigation was to compare the
 shaping ability (straightening of curved root canals,
 preparation time, incidence of instrument separation)
 and the cleaning efficacy (residual debris, quality of the
 Single-file systems – shaping and cleaning   Bu ¨  rklein et al.
 International Endodontic Journal,  45 , 449–461, 2012   ª 2011  International Endodontic Journal450
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 smear layer) after preparation of severely curved root
 canals in extracted human molar teeth using the two
 new single-file systems Reciproc and WaveOne com-
 pared with the rotary full-sequence Mtwo and ProTaper
 systems.
 The null hypotheses tested were that there is no
 difference between the two reciprocating single-filesystems and the two full-sequence rotary NiTi systems
 (i) regarding canal straightening and (ii) regarding
 their cleaning ability in severely curved root canals.
 Materials and methods
 Extracted teeth
 A total of 80 extracted human teeth with at least one
 curved root and curved root canal were selected.
 Coronal access was achieved using diamond burs,
 and the canals were controlled for apical patency with
 a root canal instrument of size 10. Only teeth with
 intact root apices, and whose root canal width near the
 apex was approximately compatible with size 15, were
 included. This was checked with silver points sizes 15
 and 20 (VDW).
 Standardized radiographs were taken prior to instru-
 mentation with the initial root canal instrument of 
 size 15 inserted into the curved canal. The tooth was
 placed in a radiographic mount made of silicone-based
 impression material (Silaplast Futur, Detax, Ettlingen,
 Germany) to maintain a constant position. The radio-
 graphic mount compromised of a radiographic-paral-
 leling device embedded in acrylic resin. This device wasattached to a Kodak Ultra-speed film (Kodak, Stuttgart,
 Germany) and was aligned so that the long axis of the
 root canal was parallel and as near as possible to the
 surface of the film. The X-ray tube, and thus the central
 X-ray beam, was aligned perpendicular to the root
 canal. The exposure time (0.12 s; 70 kV, 7 mA) was
 the same for all radiographs with a constant source-to-
 film distance of 50 cm and an object-to-film distance of 
 5 mm. The films were developed, fixed and dried in an
 automatic processor (Durr-Dental XR 24 Nova; Durr,
 Bietigheim-Bissingen, Germany).
 The degree and the radius of canal curvature were
 determined using a computerized digital image-pro-
 cessing system (Schafer  et al.  2002). Only teeth whose
 radii of curvature ranged between 3.1 and 10.6 mm
 and whose angles of curvature ranged between 25
 and 39   were included (Table 1). On the basis of the
 degree and the radius of curvature, the teeth and the
 distance between the apex and the cemento-enamel
 Figure 1   Cross-section of a WaveOne file in the tip region
 showing a modified triangular design (original magnification
 80·).
 Figure 3   S-shaped design cross-section of a Reciproc file
 (original magnification 80·).
 Figure 2  Cross-section of a WaveOne file in the middle to shaft
 region showing a triangular design (original magnification
 80·).
 Bu ¨  rklein et al.   Single-file systems – shaping and cleaning
 ª  2011   International Endodontic Journal International Endodontic Journal,  45 , 449–461, 2011   451
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  junction were allocated into four identical groups of 20
 teeth. The homogeneity of the four groups with respect
 to the afore mentioned three parameters was assessed
 using analysis of variance (anova) and post hoc
 Student–Newman–Keuls test (Table 1). At the end of 
 canal preparation, the canal curvatures were redeter-
 mined on the basis of a radiograph with the final root
 canal instrument inserted into the canal using the
 same technique (Schafer   et al.   2002) to compare the
 initial curvatures with those after instrumentation.
 Only one canal was instrumented in each tooth.
 Root canal instrumentation
 The working length was obtained by measuring the
 length of the initial instrument (size 10) at the apical
 foramen minus 1 mm. Instruments were used to
 enlarge four canals only. After each instrument, the
 root canal was flushed with 2 mL of a 2.5 % NaOCl
 solution and at the end of instrumentation with 5 mL
 of NaCl using a plastic syringe with a NaviTip needle
 (NaviTip 31ga sideport; Ultradent, South Jordan, UT,USA). The needle was inserted as deep as possible into
 the root canal without binding. Although known to be
 less effective than open needles, the NaviTip needles
 were selected because of their flexibility ensuring
 sufficient insertion of the needle into the severely
 curved canals used in this study.
 All instruments were set into permanent rotation
 with a 6 : 1 contra-angle handpiece (Sirona, Bensheim,
 Germany) powered by a torque-limited electric motor
 (VDW.Silver Reciproc motor; VDW). For each Mtwo
 and ProTaper file, the individual torque limit and
 rotational speed programmed in the file library of the
 motor were used, while Reciproc and WaveOne were
 used in a reciprocating working motion generated by
 the motor. The preparation sequences were as follows:
 Group A: All Mtwo instruments were used to the full
 length of the canals (single-length technique) accord-
 ing to the manufacturer’s instructions using a gentle
 in-and-out motion. The instrumentation sequence was:
 1.   A 0.04 taper size 10 instrument.
 2.   A 0.05 taper size 15 instrument.
 3.   A 0.06 taper size 20 instrument.
 4.   A 0.06 taper size 25 instrument.
 5.   A 0.05 taper size 30 instrument.
 Once the instrument had negotiated to the end of the
 canal and had rotated freely, it was removed.
 Group B:   ProTaper instruments were used in a
 modified crown-down manner according to the man-
 ufacturer’s instructions using a gentle in-and-out
 motion. The instrumentation sequence was:
 1.   A SX instrument at two-third of working length
 (WL).
 2.  A S1 instrument at WL – 1 mm. Taper 0.02–0.11,
 size 17.
 3.  A S2 instrument at WL – 1 mm. Taper 0.04–0.115,
 size 20.
 4.  A F1 instrument al WL – Taper 0.055–0.07, size
 20.
 5.  A F2 instrument at WL – Taper 0.055–0.08, size
 25.
 6.  A F3 instrument at WL – Taper 0.05–0.09, size 30.Once the instrument had negotiated to the end of the
 canal and had rotated freely, it was removed.
 Group C: A R25 Reciproc file having a size 25 at the
 tip and a taper of 0.08 over the first 3 mm was used in
 a reciprocating, slow in-and-out pecking motion
 according to the manufacturer’s instructions. The
 flutes of the instrument were cleaned after three in-
 and-out-movements (pecks). No glide path was created
 prior to instrumentation with the R25 file.
 Group D:   A primary reciprocating WaveOne file
 having a size 25 and a taper of 0.08 was used in a
 reciprocating, slow in-and-out pecking motion accord-
 ing to the manufacturer’s instructions. The flutes of the
 instrument were cleaned after three pecks. No glide
 path was created prior to instrumentation with the
 WaveOne file.
 In each of these four test groups, 20 canals were
 enlarged. Thus, a total of 80 canals were prepared.
 Instruments were used to prepare four canals only.
 Table 1   Characteristics of curved root canals (n  = 20 teeth per group)
 Instrument
 Curvature () Radius (mm)Distance
 apex-CEJ (mm)Mean ± SD Min Max Mean ± SD Min Max
 Mtwo 31.5 ± 3.86 25 39 7.41 ± 1.48 4.4 10.2 13.37 ± 1.01
 Protaper 31.50 ± 3.69 25 38 7.45 ± 1.77 4.5 10.2 13.55 ± 1.00
 Reciproc 31.5 ± 4.80 25 39 7.49 ± 1.69 3.7 9.7 12.90 ± 0.85
 WaveOne 31.5 ± 4.37 25 39 7.45 ± 1.59 3.1 10.6 13.30 ± 0.80P -value (anova) 1.0 0.999 0.157
 Single-file systems – shaping and cleaning   Bu ¨  rklein et al.
 International Endodontic Journal,  45 , 449–461, 2012   ª 2011  International Endodontic Journal452
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 All canals remained patent following instrumenta-
 tion, thus none of the canals were blocked with
 dentine. With all instruments, no canal had overex-
 tension of preparation and no loss of working length
 was noticed.
 The mean straightening of the curved canals is
 shown in Table 3. Canal straightening ranged between
 2.0   (Mtwo) and 3.15   (Reciproc). The use of Mtwo
 files resulted in less straightening during instrumenta-
 tion compared to all other instruments, although this
 difference was not statistically significant (P  > 0.05).
 No significant differences were obtained between all
 four instruments regarding canal straightening
 (P  = 0.382).
 Canal cleanliness
 The scores for debris and smear layer are detailed in
 Tables 4–7. Completely cleaned root canals were never
 found (Figs 4–7). In the apical third of the canals, the
 use of Mtwo and Reciproc instruments resulted insignificantly less debris (P  < 0.05) compared to canal
 preparation with WaveOne and ProTaper instruments
 (Table 4). In all parts of the canals, instrumentation
 with ProTaper resulted in significantly more debris
 compared to all other instruments (P   < 0.05). In the
 middle and coronal part of the root canals, no
 significant differences resulted between Mtwo, Reciproc
 and WaveOne (P  > 0.05). When summarizing the
 results, the use of ProTaper resulted in significantly
 more debris compared to instrumentation with the
 three other instruments (P  < 0.001), while no signif-
 icant differences were obtained between Mtwo, Reci-
 proc and WaveOne instruments (P   > 0.05). The
 average scores for debris are listed in Table 5.
 In terms of smear layer (Figs 6 and 7), no statistically
 significant differences were apparent when evaluating
 the coronal, middle and apical third separately
 (P  = 0.837;   P   =0.563; and   P  = 0.698, respectively)
 (Table 6). When summarizing the results, no signifi-
 cant differences were obtained between the four
 instruments (P  = 0.369). The average scores for smear
 layer are listed in Table 7.
 Discussion
 The aim of this study was to assess and compare the
 shaping ability and the cleaning efficiency of the new
 single-file systems Reciproc and WaveOne with the
 established rotary NiTi Mtwo and ProTaper reciprocat-ing instruments in severely curved root canals of 
 extracted human molar teeth.
 Despite the variations in the morphology of natural
 teeth, several attempts have been made in the present
 study to ensure comparability of the four experimental
 groups. Therefore, the teeth in all groups were balanced
 with respect to the apical diameter and the length
 (distance between apex and cemento-enamel junction
 Table 3  Mean degree of straightening of curved canals () and
 SD after canal preparation with the different instruments
 (n  = 20 canals in each group)
 Instrument
 Straightening ()
 Mean SD Min Max
 Mtwo 2.00 1.91 0 6
 ProTaper 3.10 2.62 0 9
 Reciproc 3.15 2.49 0 8
 WaveOne 3.00 2.40 0 9
 Table 4  Summary of scores for debris
 Instrument
 Coronal third
 Scores
 Middle third
 Scores
 Apical third
 Scores
 Total
 Scores
 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
 Mtwo 5 12 3 0 0 4 11 15 0 0 2 9 7 1 1 11 32 15 1 1
 ProTaper 2 7 9 2 0 1 6 10 3 0 0 3 8 8 1 3 16 27 13 1
 Reciproc 5 13 12 0 0 4 14 2 0 0 2 8 9 1 0 11 35 13 1 0
 WaveOne 7 6 7 0 0 6 9 5 0 0 0 5 9 6 0 13 20 21 6 0
 P -values   P  < 0.05   P  < 0.05   P  < 0.05   P  < 0.001
 Table 5  Average score for debris for the coronal, middle and
 apical third of the canals
 Instrument Coronal Middle Apical Overall
 Mtwo 1.90a 2.05a 2.50a 2.15a
 ProTaper 2.55b 2.75b 3.35b 2.88b
 Reciproc 1.85a 1.90a 2.45a 2.07a
 WaveOne 2.00
 a
 1.95
 a
 3.05
 b
 2.33
 a
 Values with the same superscript letters were not statistically
 different at  P  = 0.05.
 Single-file systems – shaping and cleaning   Bu ¨  rklein et al.
 International Endodontic Journal,  45 , 449–461, 2012   ª 2011  International Endodontic Journal454
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 [CEJ]) of the root canal, and based on the initial
 radiograph, the teeth were also balanced with respect
 to the angle and the radius of canal curvature. To
 achieve this, a computerized digital image-processing
 system was used to determine both the angle and the
 radius of curvature (Schafer   et al.   2002). The homo-
 geneity of the four groups with respect to the defined
 constraints was examined using analysis of variance
 (anova) and post hoc Student–Newman–Keuls test.
 According to the   P-values obtained (Table 1), the
 groups were well balanced. The curvatures of all root
 canals ranged between 25   and 39   and the radii
 ranged between 3.1 and 10.6 mm (Table 1).
 In the present investigation, the Reciproc and
 WaveOne files were compared with Mtwo and Pro-
 Taper files because both systems are the direct
 Table 7  Average score for smear layer for the coronal, middle
 and apical third of the canals
 Instrument Coronal Middle Apical Overall
 Mtwo 2.65 3.00 3.50 3.05
 ProTaper 2.85 3.35 3.80 3.33
 Reciproc 2.80 2.90 3.60 3.10
 WaveOne 2.75 3.15 3.45 3.12
 Table 6  Summary of scores for smear layer
 Instrument
 Coronal third
 Scores
 Middle third
 Scores
 Apical third
 Scores
 Total
 Scores
 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
 Mtwo 2 7 8 2 1 2 5 7 3 3 0 3 7 7 3 4 15 22 12 7
 ProTaper 1 5 11 2 1 0 3 9 6 2 0 2 7 4 7 1 10 27 12 10
 Reciproc 1 6 10 2 1 2 4 9 4 1 0 2 7 8 3 3 12 26 14 5WaveOne 1 8 7 3 1 0 7 6 4 3 0 5 5 6 4 1 20 18 13 8
 P -values   P  = 0.698   P  = 0.563   P  = 0.837   P  = 0.369
 Figure 4  Canal wall after preparation. Nearly clean canal wall
 with only small agglomerations of debris particles in the apical
 portion of the canal prepared with Reciproc (score 1, original
 magnification 200·).
 Figure 6  Canal wall after preparation. Canal wall with only asmall amount of smear layer on the entire canal wall and few
 open dentinal tubules in the middle portion of the canal
 prepared with Reciproc (score 2, magnification 1000·).
 Figure 5  Canal wall after preparation. Canal wall with only
 small agglomerations of debris particles in the middle portion
 of the canal prepared with WaveOne (score 1, magnification
 200·).
 Bu ¨  rklein et al.   Single-file systems – shaping and cleaning
 ª  2011   International Endodontic Journal International Endodontic Journal,  45 , 449–461, 2011   455
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 full-sequence counterparts of the single-file reciprocat-
 ing systems. Previous studies have assessed ProTaper
 instruments when used in a reciprocating working
 motion regarding preparation of curved root canals
 (Yared 2008, You  et al.  2010, 2011), instrumentation
 of round and oval root canals (De-Deus   et al.  2010a)
 and the amount of apically extruded debris (De-Deus
 et al.  2010b). For the single-file systems, the Reciproc
 R25 file and the WaveOne primary reciprocating file
 were selected for this investigation. This was performed
 in accordance with the recommendations of the man-
 ufacturers as these sizes are designated for narrow and
 curved canals when a hand instruments do notpassively reach the full working length. Both selected
 reciprocating instruments have a tip diameter equiva-
 lent to a size 25. It must be taken into consideration
 that for the Mtwo and ProTaper group, the final
 instrument used for canal preparation had a tip
 diameter equivalent to a size 30 (Mtwo size 30, taper
 0.05 and ProTaper F3). Although this resulted in
 different apical preparation diameters, it was agreed to
 enlarge the canals assigned to the Mtwo and ProTaper
 groups up to size 30 for two reasons: (i) Reciproc and
 WaveOne instruments are not available with a size 30,
 and a size 40 (available for both Reciproc and
 WaveOne) was thought to be unsuited for the severely
 curved canals enlarged in the present study. (ii) One
 objective of the present study was to provide the reader
 with results and recommendations which can, at least
 to a certain extent, be transferred to the clinical
 situation. It was agreed that clinically, when selecting
 a full-sequence NiTi rotary system, one would select an
 apical preparation diameter of at least size 30 when
 dealing with comparable curved root canals as those
 used in the present study. Moreover, the results of the
 present investigation strongly indicate that the negli-
 gible difference between the apical preparation diame-
 ter in the Reciproc/WaveOne and the Mtwo/ProTaper
 group was not responsible for the final outcome of theshaped canals using the different instruments. In this
 context, it should also be taken into account that there
 might be an influence of the apical preparation size
 onto the quality of obturation and that in the majority
 of studies, larger apical diameters coincide with larger
 reductions in the number of intracanal micro-organ-
 isms (for an overview see Hulsmann   et al.   2005).
 However, a multivariate analysis on treatment vari-
 ables that may influence the outcome demonstrated
 that apical preparation size displayed no impact on
 treatment outcome (Ørstavik   et al.   2004). Friedman
 (Friedman 2002) has pointed out that the inability to
 demonstrate differences in the prognosis with regard to
 apical preparation size may be due to the fact that both
 alternatives (extensive versus minimal apical enlarge-
 ment) are associated with certain problems. Wider
 apical preparation might result in some canal straight-
 ening and undesirable weakening of the tooth struc-
 ture, whereas minimal enlargement may leave tissue
 remnants and infected dentin behind (Schafer & Dam-
 maschke 2009).
 Prior to instrumentation of the curved canals, no
 glide path was created as all root canals had a canal
 diameter that was compatible with size 15. This was
 one inclusion criterion when selecting the teeth andwas checked with silver points sizes 15 and 20.
 Preparation time
 Preparation time is dependent on the technique and the
 numbers of instruments used, the operator experience
 and on further details of the study design (Hulsmann
 et al. 2005). In the present study, the preparation time
 included active instrumentation as well as the time
 required for changing instruments, cleaning the flutes
 of the instruments and irrigation to allow comparison
 of the results with those of previous studies conducted
 with an identical experimental set-up (Schafer & Vlassis
 2004, Burklein & Schafer 2006, Schafer  et al.  2006).
 The Mtwo system as used in this investigation
 consisted of five instruments to prepare the root canal
 to a size of 30, and the ProTaper system consisted of six
 instruments, but nevertheless no significant difference
 in the mean preparation time between these two files
 Figure 7  Canal wall after preparation. Canal wall with only a
 small amount of smear layer on the entire canal wall and few
 open dentinal tubules in the middle portion of the canal
 prepared with WaveOne (score 2, magnification 1000·).
 Single-file systems – shaping and cleaning   Bu ¨  rklein et al.
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 was observed (P  > 0.05; Table 2). In contrast to this, a
 significant difference regarding the preparation time
 was observed between the two single-file systems.
 Reciproc was significantly faster than all other instru-
 ments (P   < 0.05), while WaveOne required signifi-
 cantly less time than preparation with Mtwo or
 ProTaper (P   < 0.05). The use of Reciproc decreasedthe preparation time by up to 60% compared with
 Mtwo or ProTaper. These results are in agreement with
 previous reports when using ProTaper files in a
 reciprocating motion (Yared 2008, You  et al.  2010).
 The impact of the different apical preparation sizes
 had only a negligible effect on the overall results. When
 the canals were enlarged to an apical size of 25 with
 Mtwo (25/0.06) and ProTaper (F2), the preparation
 times were 148.6 ± 15.3 s and 152.8 ± 11.0 s,
 respectively, with the same significant differences as
 describe before.
 Canal straightening
 The results for all instruments were comparable to
 those of recent investigations under similar experimen-
 tal conditions (Burklein & Schafer 2006, Schafer  et al.
 2006, Burklein   et al.  2011). The mean straightening
 ranged between 2.00   when using Mtwo and 3.15
 when using Reciproc, whereas the mean straightening
 for other rotary NiTi instruments under similar condi-
 tions was in the range of 1.24  and 3.22   (Schafer &
 Vlassis 2004, Burklein & Schafer 2006, Schafer  et al.
 2006). However, in the present study, canals having
 curvatures between 25   and 39   were instrumented,whereas in the aforementioned studies, this range was
 rather smaller in as far as canals with curvatures
 between 25   and 35   were prepared. Thus, the new
 single-file instruments were well within the range of 
 current rotary full-sequence NiTi systems. The obser-
 vation that curved root canals can be instrumented
 with only minor canal straightening by only one
 instrument used in a reciprocating motion corroborates
 the findings of previous reports (Yared 2008, Paque
 et al.  2011, You  et al.  2011).
 It can thus be concluded that out of all rotary NiTi
 systems investigated under a similar experimental set-
 up, the single-file systems evaluated in this study
 maintained the original canal curvature well.
 Instrument failure
 During the present study, no instrument fractured. All
 instruments were used to enlarge four curved canals
 (Burklein & Schafer 2006, Burklein et al.  2011). Thus,
 in this laboratory study, these files could be used to
 enlarge at least four canals using the instrumentation
 sequence described in the present study without an
 increased risk of instrument fracture. This means a
 molar tooth having four root canals may be prepared
 with one sequence of rotary files (Mtwo, ProTaperUniversal) or with one reciprocating instrument (Reci-
 proc, WaveOne). The latter instruments are no longer
 suited for sterilization processes as they do not fit into
 the handpiece again. Hence, the reciprocating files can
 only be used for one patient, and a theoretically
 possible transmission of bacteria or proteinaceous
 infectious particles is definitively avoided.
 Many efforts to increase the efficiency and safety of 
 NiTi rotary instruments have been invented such as
 surface engineering (implantation or electropolishing),
 improvements in the manufacturing processes, micro-
 structure control (e.g. heat treatment or innovative
 manufacturing techniques) or the use of new alloys (for
 an overview see Gutmann & Gao   in press). In 2007, a
 new NiTi alloy (M-Wire; Dentsply Tulsa Dental Spe-
 cialties, Tulsa, OK, USA) was developed. The new
 M-Wire alloy is said to have an increased torsional
 resistance of up to 400% compared with martensitic
 NiTi and enables complete preparation of even severely
 curved root canals (Gambarini   et al.   2008a,b,c,
 Al-Hadlaq et al. 2010). However, other studies reported
 that M-Wire instruments manufactured by the tradi-
 tional grinding process are less resistant to fatigue
 compared to twisted files (Gambarini   et al.   2008b,
 Kramkowski & Bahcall 2009). It has to be taken intoconsideration that both Reciproc and WaveOne instru-
 ments are manufactured by traditional grinding pro-
 cesses.
 Cleaning effectiveness
 The removal of vital and/or necrotic pulp tissue,
 infected dentine and dentine debris to eliminate most
 of the micro-organisms from the root canal system is
 still one of the most important objectives during root
 canal instrumentation (European Society of Endodon-
 tology 2006). The ability to achieve some of these
 objectives was examined in vitro in this investigation on
 severely curved root canals, involving the two single-
 file systems Reciproc and WaveOne and Mtwo and
 ProTaper rotary NiTi instruments.
 Debris and smear layer have been used as criteria in
 this study to assess the cleaning efficiency of the
 different instruments because debris comprises dentine
 Bu ¨  rklein et al.   Single-file systems – shaping and cleaning
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 chips, residual vital or necrotic pulp tissue attached to
 the root canal wall that is considered to be infected in
 many cases (Hulsmann et al.  1997). The smear layer is
 a thin surface film (1–2  lm) consisting of mainly
 inorganic material (American Association of Endodon-
 tists 2003) that is produced when a canal is instru-
 mented (Grandini et al. 2002). Hence, no smear layer isfound on areas that are not instrumented (West  et al.
 1994). Although the influence of smear layer on the
 outcome of the endodontic treatment is controversial
 (Bertacci et al.  2007), it is recommended to remove the
 smear layer because of its potential deleterious effects
 (Lim   et al.   2003, Serafino   et al.   2004). This could be
 achieved using chelating agents (Hulsmann   et al.
 1997, Gambarini 1999, Grandini   et al.   2002, Lim
 et al.  2003).
 Considering the major objective of the present study
 (to compare the shaping and cleaning effectiveness of 
 the different instruments), a simple irrigation protocol
 with only NaOCl was used, avoiding any influences of 
 different irrigation solutions, as justified in detail in
 several previous studies (Schafer & Vlassis 2004,
 Burklein & Schafer 2006, Schafer  et al. 2006, Burklein
 et al.   2011). Thus, it should be accentuated that the
 cleaning efficiency of the instruments evaluated in the
 present investigation might be enhanced using a
 combination of NaOCl and EDTA as a chelating agent.
 In the present study, the cleaning efficiency was
 examined on the basis of a numerical evaluation
 scheme for debris and smear layer, by means of an
 SEM-evaluation of the coronal, the middle and the
 apical parts of the canals (Haikel & Allemann 1988,Hulsmann et al. 1997). With all four systems, partially
 un-instrumented areas with remaining debris were
 found in all canal sections. This finding has also been
 described by others (Bolanos & Jensen 1980, Hulsmann
 et al.   1997, 2003, Prati   et al.   2004, Haapasalo   et al.
 2005, Paque et al.  2009, Fornari  et al.  2010, Burklein
 et al.  2011, Zmener  et al.  2011) and is consistent with
 other investigations using microcomputer tomography
 assessment of canal shapes (Peters  et al.   2001, 2003,
 Tas   ¸ demir   et al.   2005, Gekelman   et al.   2009, Paque
 et al.  2009). Additionally, the present results confirm
 previous observations that cleanliness decreased from
 the coronal to the apical part of the root canal
 (Hulsmann et al.  2003, Schafer & Vlassis 2004, Haap-
 asalo   et al.   2005, Paque   et al.   2005, 2009, Fornari
 et al.   2010, Arvaniti & Khabbaz 2011). Therefore,
 sufficient disinfection and copious irrigation are essen-
 tial to improve root canal cleanliness (Hulsmann  et al.
 2003, Paque et al.  2005).
 In general, the use of Mtwo, Reciproc and WaveOne
 instruments resulted in significantly less remaining
 debris compared to canal shaping with ProTaper
 instruments (P  < 0.001), whereas for smear layer, no
 significant differences between these instruments were
 obtained. In the apical third of the canals, instrumen-
 tation with Mtwo and Reciproc resulted in significantlyless remaining debris compared with ProTaper and
 WaveOne (Tables 4 and 5). A possible reason for this
 difference in the debris removal capacity of these
 instruments is their cross-sectional design. ProTaper
 files have a triangular and the F3 a modified triangular
 convex cross-section presenting no active cutting
 edges and a neutral rake angle. While positive rake
 angles allow cutting dentine chips that curl away from
 the edge of the blade, negative angles scratch the
 dentine surface. The present results concerning Mtwo
 and ProTaper instruments are consistent with previ-
 ous studies, in as far as lower amounts of residual
 debris and less canal transportation occurred when
 using Mtwo instruments compared to ProTaper Uni-
 versal (Dobo-Nagy   et al.   2002, Schafer   et al.   2006,
 Sonntag   et al.   2007). The greater taper of ProTaper
 (size 30, taper .09) compared with Mtwo (size 30,
 taper .05) might be another reason for the increased
 amounts of residual debris especially in the apical
 portion of the canals because it might be assumed that
 ProTaper instruments are less flexible at their tip
 region compared to the less tapered Mtwo files. Mtwo
 instruments present a double-cutting edge S-shaped
 geometry and have a smaller cross-sectional area,
 which increases their flexibility (Dobo-Nagy   et al.2002). The nearly identical Reciproc file may have
 similar properties, while WaveOne and ProTaper
 Universal have a completely different design in their
 tip region. They are characterized by three cutting
 edges with radial lands to support the blades and a
 relatively small chip space. In general, it can be
 speculated that the smaller the chip space of an
 instrument, the less its debris removal capacity. In
 fact, previous studies have shown that radial lands
 tend to burnish the cut dentine onto the root canal
 wall and that NiTi instruments with active cutting
 edges blades are superior to instruments with radial
 lands with respect to debris removal capacity (Jeon
 et al. 2003, overview by Hulsmann et al.  2005). These
 special flute and cross-sectional design features (sharp
 cutting edges and a great chip space) may explain the
 relatively good debris removal capacity of Mtwo and
 Reciproc files. Certainly, further investigations should
 elucidate this hypothesis.
 Single-file systems – shaping and cleaning   Bu ¨  rklein et al.
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 A comparison of the results obtained in previous
 studies under similar experimental conditions with
 those of the present study reveals that all instruments
 used displayed a relatively good cleaning ability. The
 mean overall score for debris was in the range from
 2.07 for Reciproc to 2.88 for ProTaper (Table 5). In
 previous studies, the mean scores ranged between 1.80and 3.64 (Schafer & Vlassis 2004, Schafer  et al.  2006).
 Thus, according to the average score for debris
 obtained in the present study, it can be concluded that
 the fact that with Reciproc and WaveOne, only one
 instrument was used to complete the preparation of 
 even severely curved canals that had no impact on
 canal cleanliness compared with the traditional full-
 sequence Mtwo and ProTaper systems. Currently, only
 one investigation is available assessing the cleaning
 efficiency of a single-file system used in a reciprocating
 motion in round- and oval-shaped canals (De-Deus
 et al.   2010a). The single-file ProTaper F2 technique
 resulted in equal canal cleanliness compared with the
 full sequence of ProTaper instruments in round canals,
 whereas significantly more pulp residuals were ob-
 served following single-file instrumentation in oval-
 shaped canals (De-Deus  et al.  2010a,b).
 According to the results of the present study, both
 single-file systems showed relatively good cleaning
 ability and can be regarded as suitable for cleaning of 
 even severely curved with only one instrument. How-
 ever, clinically another crucial aspect has to be taken
 into consideration as on the one hand, canal cleanli-
 ness was acceptable when using the single-file systems
 but not significantly better compared to the use of rotary full-sequence NiTi systems, and on the other
 hand, preparation time was decreased by up to 60%
 when using the single-file systems. Thus, simulta-
 neously the time available for irrigation and chemical
 debridement of the root canal system is also reduced.
 To compensate the decreased irrigation time when
 using single-file systems, larger volumes of irrigant and
 additionally activation of the irrigants seem to be
 advisable to improve chemical dissolution of residual
 debris and disinfection of the root canal system. Further
 investigations are warranted to asses this aspect in
 further detail.
 Conclusions
 Within the parameters of this study, both single-file
 systems maintained root canal curvature well and were
 safe. The use of Reciproc and WaveOne files resulted in
 significantly shorter preparation times. Root canal
 preparation with Mtwo and Reciproc resulted in
 significantly less debris in the apical part of the canals
 compared to canal preparation with WaveOne and
 ProTaper instruments. Overall, the fact that with
 Reciproc and WaveOne, only one instrument was used
 to complete the preparation that had no impact on
 canal cleanliness compared with the full-sequenceMtwo and ProTaper systems.
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