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Abstract 
Intracanal instrument fracture is an unpredictable and problematic occurrence that can prevent adequate cleaning and shaping procedures and influence the prognosis of endodontic treatment. The prevalence of instrument fracture is reported to range between 0.28% and 16.2%. This article presents an overview of the prevention and management of instruments fractured during endodontic therapy on the basis of literature retrieved from PubMed and selected journal searches. Instrument fracture occurs because of reduced metal fatigue and/or torsional resistance. The reasons include canal morphology and curvature, manufacturing processes and instrument design, instrument use times and technique, rotational speeds and operator experience. With the development of various equipment and techniques, most of the retained instrument separations can be removed safely. However, in canals without associated periapical disease not every fractured separation should be removed from difficult locations because of the increased risk for root perforation and fracture. In difficult cases, either retain or bypass the fragment in the root canal and ensure regular follow-up reviews. Fractured instruments retained in the presence of periapical disease reduce significantly the prognosis of endodontically treated teeth, indicating a greater need to attempt the removal or bypass of the file separations. Apical surgery might be required in some instances, emphasizing the importance of preventing instrument fracture. 
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Core tip: It is important to prevent the potential adverse consequences that may follow the fracture of endodontic instruments during root canal preparation. Nickel-titanium engine-driven rotary instruments are more prone to fracture than stainless steel hand instruments, but the risks may be reduced by avoiding multiple use of instruments, by careful operative techniques, in particular with small-sized instruments used in sharply curved root canals, by employing reciprocating hand-pieces and by selecting instruments having high torsional and fatigue resistance. 
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INTRODUCTION 

Intracanal instrument fracture with separation is often an unpredictable and problematic occurrence that can prevent adequate root canal cleaning and shaping and adversely affect the prognosis of endodontic treatment. The prevalence and incidence of such fractures vary widely among different studies, and fracture not uncommon in the mesiobuccal root canals of molar teeth. Decisions to remove or bypass fractured instrument separations from root canals should be weighed against the necessity to do so, the time involved and the possible adverse iatrogenic complications that might occur. Care taken in the prevention of instrument fracture is preferable to managing the consequences of fracture. 

Publications in PubMed were initially searched for by using the key words “instrument separation”, “instrument broken”, “removal” and “prevention”. Further articles were obtained from references listed in the publications and related articles and from hand searching selected journals. 

PREVALENCE AND INCIDENCE OF INSTRUMENT FRACTURE 

The occurrence of intracanal instrument fracture is reported to range widely between 0.28% and 16.20%[1-8]. In a 5-year retrospective study involving postgraduate students the overall prevalence of instrument fracture among 1367 patients (2180 endodontic cases, 4897 root canals) during root canal preparation was found to be 1.83% (40/2180 cases)[1]. Among 1682 instruments collected over 16 mo, the prevalence of fracture was 5% with the lowest fracture rate being 3% for K3 (SybronEndo, Orange, CA, United States) stainless steel (SS) hand instruments[2]. In a student clinic, during a 10-year period (1997-2006) the overall incidence of instrument fracture in 3854 root-filled teeth was 1.0% at the tooth level[3]. Over 1 year, among 1235 patients (1403 teeth, 3181 canals) from a clinical practice, the incidence of fracture for ProFile (Dentsply-Maillefer, Ballaigues, Switzerland), ProTaper (Dentsply Maillefer), GTRotary (Dentsply Tulsa Dental Specialities, Tulsa, OK, United States) and K3Endo (SybronEndo) nickel-titanium (NiTi) rotary files was 0.28%, 0.41%, 0.39% and 0.52%, respectively[4]. A 4-year retrospective study of 3706 ProFile instruments reported a fracture rate of 0.3%[5]. In a large retrospective study, the incidence of Mtwo (VDW GmbH, Munich, Germany) NiTi rotary instrument separation was 2.2% according to the number of teeth (11306), and 1.0% according to the number of root canals (24108)[6]. In another 1-year study, the fracture incidence was 16.02% among 593 discarded Mtwo instruments after clinical use[7]. Over a 2-year period, 3543 canals were treated during which 46 LightSpeed (LightSpeed Technology, Inc., San Antonio, TX, United States) NiTi rotary instruments separated and were found to be non-retrievable, resulting in a separation rate of 1.30%[8]. A survey from Tehran reported that the most prevalent NiTi instrument failure fault was “intra-canal file fracture” (88.5%) among all procedural faults[9]. 

The prevalence and incidence of intracanal instrument fractures is difficult to determine, being reported variously (Table 1) at the tooth and/or canal level in disparate studies having very different designs and populations. The determination is compounded by such factors as differences in tooth location and operative difficulties and experience of the operators. Hence, the very wide range reported in literature for the occurrence of intracanal instrument fracture. 

PREVENTION OF INSTRUMENT FRACTURE 

The endodontic management of intracanal instrument fracture is often difficult and risky, and not all canals and teeth can be managed successfully. Hence, prevention of such fractures is important, requiring an understanding of factors contributing to instrument fracture to reduce the likelihood of file separation within the root canal. Iatrogenic mishaps have been associated with factors such as canal curvature and patency, instrument design and manufacturing process, instrument use times and metal alloy fatigue, hand-piece torque and rotational speed, and operator technique and experience[21]. Prevention of instrument fracture will be investigated as follows. 

Canal morphology 
It is important to assess the many variations in root and root-canal morphology before initiating any endodontic treatment[22]. Plotino et al[23] stated that the shape of an artificial root canal influenced the trajectory of the intracanal instrument. Differences in shape were reflected by the number of cycles to failure (NCF) measured for the same instrument in different artificial root canals, and by the impact of the type of canal on both the NCF and fragment length. Lopes et al[24] indicated that significantly lower NCF values were observed for instruments tested in canals with the smallest root curvature radius, the longest arc and the arc located in the middle portion of the canal. Tzanetakis et al[1] reported that the prevalence of instruments fractured in the apical third (52.5%) was significantly higher when compared with the middle (27.5%) and coronal (12.5%) thirds of the canals. Instrument fracture occurred significantly more often in molars and in teeth rated as difficult preoperatively[3,25]. Di Fiore et al[4] found that instruments fractured in anterior teeth was 0.28%, in premolars 1.56% and in molars 2.74%, which appeared to be related to the increasingly complexity of canal morphology. Some 39.5% of fractured instruments were located in the mesiobuccal canals of molars and 76.5% of the fragments were located apically, while a significantly high percentage of instruments of small apical diameters (sizes 006-015) fractured in relatively straight root canals[3]. 

In conclusion, premolar and molar teeth, and the apical third of small-diameter and curved canals in particular are prone to cause instrument fracture separation. 

Root canal curvature angle: The in vitro time to failure significantly decreased and the cyclic fatigue life increased as the angles of root canal curvature increased[26,27]. The abruptness of root canal curvature negatively influenced the failure rate of ProFile rotary instruments[28]. Rotary FlexMaster instruments, with a cross-section similar to a triangle with convex sides, are suitable for preparing curved root canals with the balanced-force technique[29]. These instruments provided results similar to LightSpeed rotary instruments, featured a noncutting pilot tip, a small cutting head and a smooth non-tapering shaft with a minimal risk of instrument fracture, but an increased risk of root-canal transportation[29,30]. Kim et al[31] found that the “minimally invasive instrumentation” design of the Self-Adjusting File (ReDent-Nova, Ra’anana, Israel) may produce minimal stress concentrations in the apical root dentin during shaping of the curved canal. The calculated stress values from the ProTaper Universal F1 (Dentsply-Maillefer) and ProFile size 20/0.06 files were approximately 8 to 10 times larger than that of the Self-Adjusting File. Kitchens et al[32] reported that increasing the angle (25°, 28° and 33.5°) at which the ProFile instrument was rotated, decreased the number of rotations to fracture for the 0.04- and 0.06-tapers. The 0.04-taper ProFile was more affected by an increase in the angle than the 0.06-taper. Kramkowski et al[30] compared the torsional stress and cyclic fatigue characteristics of ProFile GT (Dentsply Tulsa Dental Specialities) and ProFile GT Series X (Dentsply Tulsa Dental Specialities) for root canals of 45° and 60° degree curvatures. For the 60° canal curvatures, ProFile GT was found to be significantly more resistant to cyclic fatigue fracture than ProFile GT Series X for file sizes 30/0.06, 20/0.06 and 30/0.04 (P ≤ 0.005). 
The greater the degree of root canal curvature, then the easier the instrument will fracture. Apart from possible root canal transportation, Rotary FlexMaster, LightSpeed and Self-Adjusting File instruments are suitable to prepare curved root canals. However, the risk of any instrument fracturing increases with the severity of canal curvature. 

Root canal curvature radius: Haïkel et al[33] tested three engine-driven NiTi rotary instruments, using ProFile, Hero (Micro-Mega, Besancon, France) and Quantec (McSpadden, NT Co., Inc., Chattanooga, TN), in root canals with 5- and 10-mm radii of curvature. Radius of canal curvature was considered as the most significant factor in determining the fatigue resistance of the files. As the radius decreased, then the time to fracture also decreased. One other study compared the cyclic fatigue resistance of each size (S1, S2, F1, F2 and F3) of ProTaper NiTi rotary files in artificial canals also with 5- and 10-mm radii of curvature. The 5-mm radius group had significantly fewer cycles to fracture than the 10-mm radius group for all file sizes[34]. Azimi et al[35] investigated the fatigue and fracture modes of RaCe (FKG Dentaire, La-Chaux de Fonds, Switzerland) rotary instruments, which are designed to constantly switch the helix angles of the blades as they rotate inside root canals, and ProTaper instruments used by rotating the files 30° or 60°. Again, both file types exhibited significantly less resistance to fracture when the radius of canal curvature was reduced from 5 mm to 2 mm. 
These in vitro studies all demonstrated that the risk of instrument fracture increases as the radius of canal curvature decreases. 

Preparation instruments 

The prevalence of SS hand and NiTi rotary instrument fractures by postgraduate students was reported as 0.55% and 1.33%, respectively[1]. SS instruments usually deform before they fracture, unlike NiTi in​struments that do not show visual signs of defor​mation before fracture[36]. It was observed that SS files had a significantly greater occurrence of failure in clockwise rotation, whereas NiTi files had a significantly greater occurrence of failure in counterclockwise rotation[37]. Many studies have suggested that fatigue fracture and torsional fracture are two major reasons for instrument separation. Plotino et al[38] attributed the fracture of NiTi rotary instruments to cyclic flexural fatigue or torsional failure, or a combination. 

Fatigue fracture: Instrument fractures often result from their cyclic fatigue. Plotino et al[39] evaluated the cyclic fatigue resistance of five NiTi rotary systems in an apical abrupt curvature using SS artificial canals with a 2-mm radius of curvature and a 90° angle of curvature. Ten each of FlexMaster, Mtwo, ProFile (Dentsply -Maillefer) and ProFile (Dentsply Tulsa Dental Specialities), all with tip size 25, taper 0.06, and 10 ProTaper Universal F2 (Dentsply-Maillefer) instruments were rotated passively at 300 rpm until fracture occurred. The survival times for the instruments tested in an apical abrupt curvature were Mtwo > ProFile (from Maillefer) > ProFile (from Tulsa) > FlexMaster > ProTaper. Bahia et al[40] found that the mechanical behavior of the NiTi wires was modified slightly by cyclic tensile loading in the superelastic plateau. Because the changes tended towards stabilization, the clinical use of ProFile rotary instruments did not compromise their superelastic properties until they fractured by fatigue or torsional overload, or were otherwise discarded. Lee et al[41] studied the cyclic fatigue resistance of various NiTi rotary files, using three root canal curvatures (25°, 35° and 45°), by correlating cyclic fatigue fracture test results with finite-element analysis. The NiTi rotary files investigated were ProTaper, ProFile (Dentsply-Maillefer), HeroShaper (Micro-Mega) and Mtwo. ProTaper showed the least cyclic fatigue resistance and the highest stress concentration for all tested curvatures, whereas Mtwo showed the most cyclic fatigue resistance. When the stresses increased, the number of instrument rotations to fracture decreased. Shen et al[42] found that most of the NiTi rotary instruments (78% of K3 and 66% of ProTaper) among 79 fractured instruments failed because of fatigue fracture, whereas 91% of NiTi hand instruments failed from shear fracture. In another (clinical) study, Shen et al[5] reported that 10 of 12 ProFile instruments failed because of shear stress, whereas only two failed because of fatigue fracture. 
From these studies, most of the NiTi rotary in​struments failed in vitro from fatigue fracture, but with different rates for different brands. However, the main reason for NiTi hand instrument failures in vitro was from shear fracture. 

Torsional fracture: Haïkel et al[43] assessed the torsional moment (torque at failure) of four brands of NiTi endodontic files: Brasseler (triangular cross-section; Cms-dental, Paris, France), JS Dental (triangular cross-section; JS Dental, Inc., Ridgefield, CT, United States), McSpadden (H-file types 0.8 to 20, Unifile or S-file cross-section sizes 25 to 40), and Maillefer (concave triangular cross-section). The results suggested that JS Dental and McSpadden NiTi files were the most resistant to torsional fracture, but all NiTi files were inferior when compared with SS files from a previous study. A relationship was proposed between fatigue fracture and torsional fracture[44]. When the torsional resistance of ProFile 25/0.06 and ProTaper F1 were investigated, it was found that approximately 75% cyclic fatigue reduced the torsional resistance of the NiTi rotary instruments significantly. A repeated clinical “locking effect” was considered in a study that evaluated the torsional resistance of five brands of NiTi rotary instruments: Twisted File (TF; SybronEndo), RaCe systems, ProTaper, Helix (DiaDent, Chongju, South Korea) and FlexMaster[45]. TF had the lowest and FlexMaster the highest torsional resistance among the five brands. Braga et al[46] also found that TF had similar (TF 25/0.08 taper and RaCe 25/0.06 taper) or significantly higher (TF 25/0.06 taper and RaCe 25/0.04 taper) torsional resistance. Setzer et al[47] tested three rotary NiTi systems at 30° curvature under cyclic fatigue only or in combination with torsional stress (with an added 1-Ncm torsional load): Revo-S (Micro-Mega), ProFile Vortex (Dentsply, York, PA, United States) and ProFile with tip sizes 25 and 35. Regardless of fatigue alone or in combination with torsional stress, all fractures occurred within the area of the file curvature. But, with the addition of a torsional load the location of the fracture moved in the direction of the additionally applied torsional stress. One other study found that torsional resistance and angular deflection of instruments were reduced following clinical use when compared with new instruments[48]. Stock NiTi instruments had a torsional fracture resistance up to 10.3%, 8.0% and 7.4% lower for the Small, Primary and Large files, respectively than did M-Wire (Dentsply Tulsa Dental Specialities) instruments, when using finite element analysis simulations based on micro-computed tomography scans at 10 m resolution[49]. Shen et al[50] suggested that the torque at fracture values of K3 and K3XF (SybronEndo) instruments increased significantly with increased diameter. 
The torsional resistance of SS files was certified many years ago to be higher than NiTi instruments. The higher the torsional resistance is, the less an instrument is prone to fracture, but clinical use reduces such resistance. There is a relationship between torsional and fatigue resistance, which are two significant factors associated with file separation. Any instrument may fracture in root canals if the curvatures are severe, regardless of how much torsional or fatigue resistance it has. 

Manufacturing methods: Intracanal instruments produced by twisting had significantly lower Vickers microhardness values, but presented greater resistance to cyclic fatigue and were more flexible than in​struments produced by a grinding process[46,51]. Larsen et al[52] reported that the twisted TF was significantly more resistant to cyclic fatigue than traditionally ground EndoSequence (Brasseler, Savannah, GA, United States) instruments, but not significantly different from ProFile. Recently, thermal treatments of NiTi alloys, e.g., Controlled Memory Wire (CM Wire; DS Dental, Johnson City, TN, United States), M-Wire, and R-phase wire (SybronEndo) have been used to modify their mechanical properties[53]. M-Wire has been thermomechanically processed to have greater flexibility at body temperature. The GT Series X (Dentsply Tulsa Dental Specialities) instruments made from M-Wire are more flexible and capable of stress relief than ProFile GT at the most critical curved canal sections[54]. M-Wire is nearly 400% more resistant to cyclic fatigue than stock ProFile 25/0.04 taper instruments[55]. Thermal treatment improved the resistance of NiTi rotary instruments against fatigue fracture. Treatment resulted in significant changes in the instrument bulk with the appearance of an R-phase and an improved fatigue resistance. Indeed, after treatment at 500 ℃, the number of revolutions to failure increased up to 829 and 474 for electropolished and non-electropolished instruments, respectively[56]. The shape-memory CM-wire manufacturing process produced NiTi rotary instruments more flexible and more resistant to cyclic fatigue than instruments produced by a traditional manufacturing process or by a thermally treated NiTi alloy (M-wire)[57]. CM Wire files also showed a high angle of rotation before fracture, but the results were not significantly different from some other files[58]. CM Wire files may have a combined advantage of greater torsional strength and high deformation before fracture[59]. In various environments, the CM Wire instruments yielded an improvement of more than 4 to 9 times for the number of revolutions before fracture than conventional NiTi files with the same design[60]. Electropolished instruments performed significantly better than non-electropolished instruments in cyclic fatigue testing. The benefits of electropolishing were possibly from a reduction in surface irregularities that served as points for stress concentration and crack initiation[61]. Although surface smoothness was enhanced by electropolishing, this did not protect the instruments from low-cycle fatigue failure. No electropolished instrument showed more than one crack origin, significantly fewer than for the non-electropolished instruments[62]. Gutmann et al[63] have reviewed the inherent metallic and surface properties of NiTi root canal instruments. 
Many manufacturers have sought ways to enhance the performance, durability and safety of the many root canal instrument designs presently available, such as by modification of the alloy surface or the alloy microstructure with post-machining or post-twisting heat treatment. 

Cross-section design: The resistance of NiTi rotary instruments to cyclic failure increased significantly with decreasing cross-sectional area[64]. The bending fatigue behavior was affected by the properties of the material and the cross-sectional configuration of the instrument. NiTi and triangular geometry profiles were associated with better fatigue resistance than SS and square cross-sections[65]. Yum et al[66] compared torsional strength, distortion angle and toughness of various NiTi rotary files with different cross-sectional geometries - TF and RaCe, ProTaper, ProFile, Mtwo (equilateral triangle, convex triangle, U-shape, and S-shape). TF and RaCe had significantly lowest yield strengths. TF had a significantly lowest ultimate strength, whereas Mtwo showed the highest. ProFile showed the highest distortion angle at break, followed by TF. ProFile also showed the highest toughness value, whereas TF and RaCe both showed a lowest toughness value[66]. Baek et al[67] also evaluated the effect of cross-sectional geometry on the torsional stiffness of NiTi instruments. Triangle, slender rectangle, rectangle and square were tested. The models with the rectangular cross section had higher torsional stiffness than models with the triangular cross section. 
A larger cross-sectional area, a rectangular geometry and the S-shape of Mtwo instruments favored a higher fracture resistance. 

Retreatment instruments: Inan et al[68] compared the cyclic fatigue resistance of three different rotary NiTi instruments designed for endodontic retreatments. The results showed that the R-Endo R3 (Micro-Mega) instruments were more resistant to fatigue failure than the ProTaper D3 and Mtwo R 25/0.05[68]. Hand and rotary instruments were compared for removing gutta-percha from previously treated curved root canals, where the NITi rotary FlexMaster, ProTaper Universal and D-RaCe (FKG Dentaire) retreatment files were associated with a higher risk of instrument fracture. No fractures occurred with the Hedström (Dentsply Maillefer) SS hand files[69,70]. 
Endodontic retreatments with NiTi rotary instruments resulted in a higher occurrence of instrument fracture than when using SS hand instruments. 

Operator 

In a 5-year retrospective study, the prevalence of fractured instruments was 7.41% for 2180 endodontic cases treated by postgraduate students[1]. A recent British survey showed that the main reasons for not adopting NiTi use included cost, a lack of training and the perceived risk of instrument fracture[71]. In another study, 88.8% of the respondents had experienced fractured endodontic instruments, with a significantly higher proportion of endodontists (94.8%) compared with general dental practitioners (85.1%)[72]. For ProTaper instruments used at two different clinics, defect rates (fracture and distortion combined) were observed of 7% (Clinic A) vs 13% (Clinic B) for shaping files, and 4% vs 10% for finishing files[2]. 

Dentists require more training and more com​prehensive education regarding different endodontic instruments and techniques. 

Use times: The main operator factors associated with the instrument fracture are “over-use” and “excessive pressure”. Factors related to clinician experience, technique and competence have been shown to influence use times. In one study, 54.3% of the respondents re-used NiTi files more than 10 times[73]. The majority of defects (34/48) occurred in small (size 20) instruments, which should be considered as single-use, disposable instruments because of the higher possibility of torsional deformation[5]. The fracture rate of a single ProTaper rotary instrument was significantly increased after the number of prepared root canals exceeded 20 times[74]. Single-use of endodontic NiTi instruments has been recommended to reduce instrument fatigue and the possibility of cross-contamination[19]. The risk of NiTi rotary instrument fracture in the canal was low when a new instrument is used by experienced endodontists. A total of 1071 ProFile 0.04, 432 ProFile Series 29.04, and 1895 ProTaper files were discarded after single use. No fractures occurred in the ProFile, there were no fractures or deformations in the ProFile Series 29, and instrument separation was 0.26% in the ProTaper instruments[75]. Shen et al[53] reported that the risk of ProFile Vortex fracture is very low when the files were used once only by undergraduate students. Although multiple clinical use caused significant changes in the microstructural properties of HyFlex CM (Coltène Whaledent, Cuyahoga Falls, OH, United States) instruments, the risk of fracture in the root canal was very low when the instruments were discarded after three cases of clinical use[76]. ProTaper Universal rotary instruments used by an experienced endodontist allowed the cleaning and shaping of the root canal systems of five molar teeth without fracture[48]. The size of the rotary file, among other factors, will determine how many times a particular file should be used[77]. Root canal instrumentation following the manufacturer’s instructions was performed with Reciproc (VDW GmbH) with a very low occurrence of instrument fracture and deformation[19]. 
The recommended use times for different files and for differently experienced operators, varied widely (Table 2). In narrow and/or sharply curved root canals the number of times that an instrument is used should be as few as possible.

Rotational movements: Different rotational movements of endodontic instruments resulted in different cyclic fatigue survivals, and reciprocating movements were shown to increase the cyclic fatigue resistance of NiTi instruments[78]. When using the reciprocating Reciproc R25 (VDW GmbH) system, only 8 of 1580 instruments fractured during treatment, which represented 0.47% of the total number of instruments used and 0.21% of the root canals treated[19]. Compared with continuous rotation, the probability of a longer instrument survival was greater when using reciprocating motion for all file types tested (100% for K3, 87% for K3XF and 99% for Twisted File)[79]. Fatigue life was shown to increase with decreasing reciprocating amplitude in stationary reciprocation[80], and reciprocating movements re​sulted in a significantly longer cyclic fatigue life when compared with continuous rotation[81]. Kim et al[82] tested the cyclic fatigue of Reciproc and WaveOne (Dentsply-Maillefer) instruments using a simultaneous pecking motion performed with the instruments operating in the recommended reciprocation motion until fracture. Reciproc showed higher cycles to fracture and WaveOne higher torsional resistance. These two reciprocating files demonstrated significantly higher cyclic fatigue and torsional resistances than ProTaper. To simulate clinical conditions, Kiefner et al[78] employed a continuous up-and-down pecking motion along the vertical axes of Reciproc (R25 and R40) and Mtwo (M25 and M40) instruments when comparing reciprocating and continuous rotary motions. Reciproc files in reciprocating motion had a significantly higher number of cycles to fracture than Mtwo files used in continuous rotation[78]. Reciproc R25 instruments were associated with a significant increase in mean time to fracture when compared with primary (tip size 25 with a taper of 0.08) WaveOne instruments[83]. WaveOne Large (tip size 40 with a taper of 0.08) instruments presented significantly higher bending resistance than the Reciproc instruments, but Reciproc R40 resisted dynamic and static cyclic fatigue significantly better than WaveOne Large instruments[84]. [WaveOne NiTi files are available in three sizes: small (tip size 21 with a taper of 0.06), primary (tip size 25 with a taper of 0.08) and large (tip size 40 with a taper of 0.08)].
The likelihood of NiTi instrument fracture in root canals appeared to be reduced when using reciprocating rather than rotational motion with engine-driven instruments. 

Rotational speeds: The time-to-failure for NiTi instruments decreased significantly as rotational speeds increased (200, 300 and 400 rpm), but the time-to-failure increased with increased pecking distances[26]. Pérez-Higueras et al[79] found that TF instruments were more resistant to cyclic fatigue when rotated at 300 rpm instead of 500 rpm. This result was supported by another study where ProTaper F2 instruments failed more rapidly at a rotational speed of 400 rpm (approximately 95 s) than those used at 250 rpm (approximately 25 s)[81]. Also, approximately a 30% reduction in the observed number of cycles to fracture occurred as rotational speeds were increased from 300 to 600 rmp[85]. By contrast, one study reported that the number of rotations to fracture was not related to the speed (350 or 600 rmp) at which the NiTi files were operated[32]. 
Appropriate rotational speeds and continuous pecking motions within the root canals are recommended. The rotational speed employed for any instrument should be considered in accordance with the manufacturer’s recommendations, the clinical situation and the experience of the operator. 

Lubricants: During root treatment, lubricants are mostly used to reduce the frictional resistance between the rotating instruments and float debris produced after mechanical instrumentation. Boessler et al[86] used ProFile 30/0.06 instruments in milled artificial root canals in human dentin and gauged the effects of sodium hypochlorite (1% NaOCl) and a chelator (18% etidronic acid) on maximum torque, full torsional load, and maximum force values using a torque testing platform. They found that the aqueous lubricants significantly reduced all outcome variables compared to dry conditions (P < 0.05), and that an aqueous lubricant was more beneficial than a gel-type counterpart. The findings were similar to those reported by Shantiaee et al[87] who investigated the rates of fracture, deformity and metal slivering of ProTaper rotary instrument with three different lubricants [1% NaOCl (Gorang, Pakshoo Co.,Tehran, Iran), RC-Prep (Premier Dental Produce, Philadelphia, PA, United States) and 17% EDTA (Asia Chemi Teb Co., Tehran, Iran)] in the root canals of extracted molars. The fracture rate of instruments in the RC-Prep group was significant higher compared with the other two groups, with the lowest fracture rate in the EDTA group. 
Different forms of lubricant influence the fracture rates of endodontic instruments. Aqueous lubricants are better than dry conditions, and paste-like lubricants can mix with dentin debris in the canal to create increased friction between the instrument and dentin walls. 

Hypochlorite solutions: Reciprocating dynamic immersion in NaOCl solution for 1 or 5 min did not reduce significantly the cyclic fatigue resistance of NiTi files[88]. For all properties tested (torsional moment, maximum angular deflection, maximum bending moment and permanent angular deflection), NaOCI immersion had no statistically significant effect[43]. While instruments completely immersed in 5% NaOCl at 50 ℃ for 5 min had a significantly lower resistance to fracture from cyclic fatigue than instruments not immersed or only partially immersed, SEM observations revealed evident signs of corrosion of the fractured instruments[89]. Galvanic corrosion may be induced when different metals are immersed in an electrolyte, where one metal acts as the cathode and one as the anode of a galvanic couple. 

The prolonged use of NaOCl as an intracanal irrigating solution might result in the corrosion and enhanced fracture of NiTi instruments. 

Other factors: The use of small size SS K-files in a reciprocating manner might be a rational choice for the creation of a mechanical endodontic glide path in curved root canals[90]. The fatigue life of NiTi rotary instruments of larger size could be increased by using them with a lateral brushing or pressing movement[91]. The most frequently fractured file was 10/0.04 (30.39%) among 597 Mtwo rotary instruments[7]. Although more instruments with visible signs of plastic deformation were identified for the novice operator, the novice operator did not significantly affect the cyclic fatigue resistance when compared with the experienced operator[92]. Autoclave cycles had no significant overall effect on file performance for the tested instrument systems, including Profile Vortex made from M-Wire, Twisted File, and 10 Series files made from CM Wire[59]. Unused and sterilized used Profile GTX (Dentsply, Tulsa Dental Specialities) files lasted significantly longer than similar ProFile GT files with a probability of 75% and 65%, respectively; while mean life was significantly longer for GT than for GTX used files with a probability of 68%. Sterilized GT files lasted longer than unused files with a probability of 66%[93]. 
MANAGEMENT OF INSTRUMENT FRACTURE 

When a file fractures during root-canal therapy, there are several treatment options available to the clinician. The management of the problem should be based on the effect of the fractured instrument on immediate treatment outcome and its potential influence on the endodontic prognosis[94]. Before clinical decision-making on the management, some factors should be considered as follows: (1) the stage of endodontic treatment at which the instrument fractured; (2) the armamentaria available; (3) the potential complications of the treatment approach adopted; (4) the presence or absence of periapical pathosis; and (5) the location and the length of the fractured fragment in the canal[95]. It is important that the patient is informed (accompanied by appropriate record keeping) when instrument fracture occurs during treatment or if a fractured file is discovered during a routine radiographic examination[96]. 

With no apical disease 

Retain in the canal as a metal obstruction: Endo​dontists and general dental practitioners both reported a conservative approach when the management of fractured instruments failed[97]. In certain clinical situations it may be better to leave the fractured file in the root canal. After 5 years, in 12 instances of irretrievable instrument separation (from 3216 endodontically treated root canals), attempts were made to contact the patients to assess healing and tooth retention. Eight contacted patients confirmed the presence of the root canal-treated tooth in question. Among 5 attending patients, 2 teeth were classified as having complete healing, 2 uncertain healing, and 1 no healing according to radiographic assessments (Figure 1)[98]. Retained, fractured endodontic instruments did not reduce the prognosis of endodontically treated teeth when apical disease was absent and any treatment was well-managed[96,99]. Leaving fractured instruments in the apical one-third of the canal also did not appear to affect adversely the resistance of the root to vertical fracture[100]. 
Long-term tooth retention and functionality can occur after irretrievable instrument separation. However, clinicians are required to evaluate whether additional treatment is necessary. 

Bypass: Bypassing a fractured instrument is often considered an acceptable treatment option to achieve clinical success. However, once bypassed, recent studies consider that the instrument could then be removed. Also, attempting to bypass a fractured instrument may result in perforation of the root canal wall[25]. 
With apical disease 

If apical disease is present, healing is significantly reduced. Therefore, the treatment stage at which an instrument fractures in infected cases appears likely to be significant, as canal disinfection may be compromised[94]. At the earlier treatment stages, attempts must always be made to retrieve separated instruments and, if retrieval is not possible, a bypass should be attempted[101]. Ungerechts et al[3] reported that the success rate of removing fractured instruments was 72.7% for vital teeth, 58.3% for primary infected teeth and 42.9% in retreatment cases. The retrieval or bypass of fractured instruments was most successful in the coronal (100%) and middle (45.4%) thirds when compared with the apical third (37.5%) of the root canals[1]. Creating straight-line access and a ditched groove around the fractured instrument are two key steps for removal of fractured instruments. Then use ultrasonic files and/or bypass it with K-Files. Many fractured instruments can be vibrated ultrasonically and flushed out of the root canal. If not, the Tube-and-Hedstrőm file-Method or similar techniques, such as a microdebrider, a Hedstrőm file, a Masserann Kit trephine or with fine narrow-nosed pliers, can be used to remove the loosened instruments or bypass the instruments. When using these methods, 84 instruments (87%) were removed successfully[25]. Failure reasons might include ledge formation, excessive canal enlargement, perforation, limited visibility, dislocation, secondary fracture and incomplete removal, and apical extrusion of the fractured fragment. Several of these reasons may result in weakened root structure and predispose to vertical root fracture[99]. When used as canal filling materials, Resilon (Resilon Research, Madison, CT, United States) and mineral trioxide aggregate appeared to compensate for the root dentin loss that occurred as a result of attempts at retrieval of fractured instruments[100]. 

Microtube or trephine: When an attempt to bypass an instrument fragment becomes difficult, it should be retrieved by mechanical devices. A microtube or trephine creates a ditched groove around the coronal aspect of the retained instrument fragment. The Masserann Kit (Micro-Mega) is one such device, along with Gates-Glidden (Dentsply-Maillefer) drills, for the orthograde removal of intracanal fractured instruments[77,102]. The Masserann Kit is made up of hollow cutting-end trephine burs (ranging in diameter from 1.1-2.4 mm) and extractors (tubes into which a plunger can be advanced). The trephines are used to prepare a groove or trough around the coronal portion of the fragment. Then the extractor is inserted into the groove and locked the end of the fragment by the screw tightened between the plunger and the internal embossment (Figure 2)[95]. However, in the severely and moderately curved mesial root of mandibular molars, the Masserann Kit increased the risk of creating thin or perforated walls. Additionally, after 7.5 mm depth of drilling, the percentage of perforations increased[103]. 

Ultrasonics: The use of ultrasonic vibration is a favorite technique for the removal of fractured instruments, although it may result in some complications. The technique demonstrated a success rate of 80% in removing broken Hero 30/0.04 taper files within 70 extracted maxillary premolars[104]. Ultrasound, like above methods, creates a groove around the fractured instrument, but the used instruments are different. Diamond-coated zirconium ultrasonic tips (CPR 1-CPR 5; Obtura Spartan, Earth City, MO, United States) and titanium cutting tips (CPR 6-CPR 8; Obtura Spartan) were reported as the instruments. The former are selected according to the anatomy of the root canal to creat the groove. The later are placed in close contact with the fragment and worked in a circular counterclockwise motion to dislodge the fractured instrument. All procedures are performed dry to ensure constant visualization, with the ultrasonic unit set at low power (20% to 30%)[96,105]. An ultrasonic technique was used to remove fractured NiTi rotary instruments from narrow, curved canals in both simulated (resin blocks) and mesiolingual canals of extracted mandibular first molars. However, when the fractured instrument segment was located entirely beyond the canal curvature, the success rate was significantly decreased and major canal wall damage often occurred[106]. Gencoglu et al[107] used ultrasonics with an operating microscope and reported that the success rate in removing fractured files in curved canals was 93.3%. This was significantly higher than the success rate of 66.6% when only conventional methods were used. The success rate was highest with ultrasonics (95.2%) in straight canals, followed by the conventional method (80.9%) and use of the Masserann Kit (47.6%)[107]. Visualization of fractured instruments with the aid of an operating microscope plays an important role in the success rates when removing or bypassing the fractured instruments. The success rate for the visible group was 85.3% (n = 58), and for the nonvisible group was 47.7% (n = 21)[105]. 

Electrochemical dissolution: Electrochemical dissolution has been proposed as a novel method to retrieve fractured instruments, especially for NiTi endodontic files. However, using NaF resulted in solutions that were cytotoxic to periodontal ligament fibroblasts, and artificial saliva may be a less toxic alternative for dissolving NiTi files[108]. A progressive consumption of K3 NiTi file tips was observed up to 30 min[109]. The anodic polarization of file fragments in simulated root canals for 60 min resulted in their partial dissolution and enabled the recovery of the original canal pathway with size 10 K-files[109]. The time taken by this procedure is clinically acceptable. K3 and ProTaper instruments had significantly greater weight loss than Mtwo instruments after 30 min of polarization in chloride- and fluoride-containing solutions, and 60 min anodic polarization of various NiTi instrument fragments in simulated root canals resulted in their partial dissolution (Figure 3) [110].

File removal system: Many different devices and techniques have been developed to retrieve fractured instruments from root canals, but iatrogenic accidents such as perforation, ledge formation, zipping, canal transportation or destruction, and fragments extruded beyond the root apex also occured during the removal procedures. The file removal process turns out to be more difficult when the fracture occurs in the apical third of the canal or in a sharply curved canal. Four separated files from the apical third of curved canals were successfully treated using the file removal system (FRS) (Figure 4)[111]. When compared with the Masserann Kit and an ultrasonic file-removal method, the FRS minimized both the root canal dentin removal and the time required to remove the fractured instruments[21]. 

Laser: Yu et al[112] found that a Nd:YAG laser successfully removed broken endodontic instruments from root canals in more than 55% of instances. However, temperature rises on root surfaces ranging from 17 ℃ to 27 ℃ might lead to periodontal tissue damage. Cvikl et al[113] also evaluated a Nd:YAG laser for the removal of fractured SS instruments. A narrow brass tube charged with solder was placed at the exposed coronal end of the fractured instrument and laser energy then used to melt the solder, fusing the fractured instrument to the brass tube. The laser technique requires the removal of a minimum amount of dentin, reducing the risk of root fracture. 

Some other uncommon methods: Mini-forceps, broaches and cotton, and wire loops were historical methods used for the removal of instruments fractured and loosened in the more coronal portion of the root canal[114-116]. When the fractured instrument is positioned more deeply in the canal and is not visible or loose, and cannot be retrieved with other methods, then a Hedström or K-type file(s) can be inserted into the root canal where the clinician relies on tactile sense to withdraw the fractured instrument[25,116]. During the procedure, caution should be taken to avoid endodontic file separation. A modified 18-gauge needle and cyanoacrylate glue were used to retrieve a separated NiTi instrument from the mesiolingual canal of a mandibular first molar (Figure 5)[101]. As a safety feature during use, Gates-Glidden drills are designed to separate near the hub of the drill to allow for easier retrieval[117]. With the assistance of SS hand files and a chloroform-dipped gutta-percha cone, a fractured rotary NiTi instrument was successfully removed from the severely curved apical portion of the distobuccal canal of a mandibular molar[118]. However, chloroform is toxic and carcinogenic, and its extrusion through an existing root perforation resulted in subsequent necrosis in the supporting bone and periodontal tissues[119]. Chloroform used in the apical part of the root canal may also leak through the apical foramen and damage periapical tissues. 

Factors influencing fractured instrument retrieval: Favorable factors for the removal of separated NiTi fragments are anterior teeth, straight root canals, localization before the canal curve, fragments longer than 5 mm, and NiTi hand K-files[116]. The success rate in roots with file fracture before the curve was 11.5 times more than that for file fracture beyond the curve[104]. Removal of a fractured instrument from the middle-third of the root canal decreased the force required to fracture the root vertically, regardless of the technique used for instrument removal[120]. There were statistically significant differences between experienced and less-experienced operators for the file-removal times and the root dentin removal rates[21]. 
Beyond the apical foramen 

When the fractured instrument fragment is beyond the apical foramen, it is very difficult to retrieve the fragment using the previous approaches. In one report, two fragments beyond the apical foramen were removed by non-surgical approaches. A 3-mm fragment was pushed out of the root apex while the removal of a 7-mm fragment resulted in root perforation[25]. Surgical approaches may be better for these cases. However, the microsurgical procedure relies on considerable surgical skill and may reduce the crown-root ratio[96]. A separated hand instrument in a second molar was retrieved from the mesiobuccal root, which was close to the mandibular canal, using tooth replantation (Figure 6). After atraumatic tooth extraction, the separated instrument protruding 3 mm beyond the root apex was removed and the entrance to the mesiobuccal canal was cleaned, shaped and obturated. The tooth was re-implanted and orthodontic bands placed on both first and second molars. Periodic evaluations over 1 year showed progressive reductions in periapical radiolucency[121]. 

ACKNOWLEDGMENTS
We are very sad to declare that Professor Roger J Smales, as the second author of this article, was sudden to die on Sunday November 9th. We dedicate this article to commemorate him.

REFERENCES
1
Tzanetakis GN, Kontakiotis EG, Maurikou DV, Marzelou MP. Prevalence and management of instrument fracture in the postgraduate endodontic program at the Dental School of Athens: a five-year retrospective clinical study. J Endod 2008; 34: 675-678 [PMID: 18498887 DOI: 10.1016/j.joen.2008.02.039]

2
Shen Y, Haapasalo M, Cheung GS, Peng B. Defects in nickel-titanium instruments after clinical use. Part 1: Relationship between observed imperfections and factors leading to such defects in a cohort study. J Endod 2009; 35: 129-132 [PMID: 19084142 DOI: 10.1016/j.joen.2008.10.014]

3
Ungerechts C, Bårdsen A, Fristad I. Instrument fracture in root canals - where, why, when and what? A study from a student clinic. Int Endod J 2014; 47: 183-190 [PMID: 23710943 DOI: 10.1111/iej.12131]

4
Di Fiore PM, Genov KA, Komaroff E, Li Y, Lin L. Nickel-titanium rotary instrument fracture: a clinical practice assessment. Int Endod J 2006; 39: 700-708 [PMID: 16916359]

5
Shen Y, Coil JM, Haapasalo M. Defects in nickel-titanium instruments after clinical use. Part 3: a 4-year retrospective study from an undergraduate clinic. J Endod 2009; 35: 193-196 [PMID: 19166771 DOI: 10.1016/j.joen.2008.11.003]

6
Wang NN, Ge JY, Xie SJ, Chen G, Zhu M. Analysis of Mtwo rotary instrument separation during endodontic therapy: a retrospective clinical study. Cell Biochem Biophys 2014; 70: 1091-1095 [PMID: 24807841]

7
Inan U, Gonulol N. Deformation and fracture of Mtwo rotary nickel-titanium instruments after clinical use. J Endod 2009; 35: 1396-1399 [PMID: 19801238 DOI: 10.1016/j.joen.2009.06.0]

8
Knowles KI, Hammond NB, Biggs SG, Ibarrola JL. Incidence of instrument separation using LightSpeed rotary instruments. J Endod 2006; 32: 14-16 [PMID: 16410061]

9
Mozayeni MA, Golshah A, Nik Kerdar N. A Survey on NiTi Rotary Instruments Usage by Endodontists and General Dentist in Tehran. Iran Endod J 2011; 6: 168-175 [PMID: 23130073]

10
Ramirez-Salomon M, Soler-Bientz R, de la Garza-González R, Palacios-Garza CM. Incidence of Lightspeed separation and the potential for bypassing. J Endod 1997; 23: 586-587 [PMID: 9587288]

11
Sattapan B, Nervo GJ, Palamara JE, Messer HH. Defects in rotary nickel-titanium files after clinical use. J Endod 2000; 26: 161-165 [PMID: 11199711]

12
Al-Fouzan KS. Incidence of rotary ProFile instrument fracture and the potential for bypassing in vivo. Int Endod J 2003; 36: 864-867 [PMID: 14641426]

13
Hülsmann M, Herbst U, Schäfers F. Comparative study of root-canal preparation using Lightspeed and Quantec SC rotary NiTi instruments. Int Endod J 2003; 36: 748-756 [PMID: 14641438]

14
Ankrum MT, Hartwell GR, Truitt JE. K3 Endo, ProTaper, and ProFile systems: breakage and distortion in severely curved roots of molars. J Endod 2004; 30: 234-237 [PMID: 15085054]

15
Troian CH, Só MV, Figueiredo JA, Oliveira EP. Deformation and fracture of RaCe and K3 endodontic instruments according to the number of uses. Int Endod J 2006; 39: 616-625 [PMID: 16872456]

16
Iqbal MK, Kohli MR, Kim JS. A retrospective clinical study of incidence of root canal instrument separation in an endodontics graduate program: a PennEndo database study. J Endod 2006; 32: 1048-1052 [PMID: 17055904]

17
Wu J, Lei G, Yan M, Yu Y, Yu J, Zhang G. Instrument separation analysis of multi-used ProTaper Universal rotary system during root canal therapy. J Endod 2011; 37: 758-763 [PMID: 21787484 DOI: 10.1016/j.joen.2011.02.021]

18
Gu YC, Ni LX. [Defects in 2061 discarded ProTaper handfiles after clinical use]. Shanghai Kou Qiang Yi Xue 2013; 22: 528-532 [PMID: 24233203]

19
Plotino G, Grande NM, Porciani PF. Deformation and fracture incidence of Reciproc instruments: a clinical evaluation. Int Endod J 2015; 48: 199-205 [PMID: 24754602 DOI: 10.1111/iej.12302]

20
Labaf H, Haghgoo R, Nazarimoghadam K, Mohamadibasir M. Comparing the Fracture Rate of Hero 642, FlexMaster and Mtwo in the Simulated Canals. Iran Endod J 2014; 9: 113-116 [PMID: 24688579]

21
Terauchi Y, O’Leary L, Kikuchi I, Asanagi M, Yoshioka T, Kobayashi C, Suda H. Evaluation of the efficiency of a new file removal system in comparison with two conventional systems. J Endod 2007; 33: 585-588 [PMID: 17437878]

22
Jadhav GR. Endodontic management of a two rooted, three canaled mandibular canine with a fractured instrument. J Conserv Dent 2014; 17: 192-195 [PMID: 24778521]

23
Plotino G, Grande NM, Cordaro M, Testarelli L, Gambarini G. Influence of the shape of artificial canals on the fatigue resistance of NiTi rotary instruments. Int Endod J 2010; 43: 69-75 [PMID: 19891717]

24
Lopes HP, Vieira MV, Elias CN, Gonçalves LS, Siqueira JF, Moreira EJ, Vieira VT, Souza LC. Influence of the geometry of curved artificial canals on the fracture of rotary nickel-titanium instruments subjected to cyclic fatigue tests. J Endod 2013; 39: 704-707 [PMID: 23611396 DOI: 10.1016/j.joen.2012.12.027]

25
Suter B, Lussi A, Sequeira P. Probability of removing fractured instruments from root canals. Int Endod J 2005; 38: 112-123 [PMID: 15667633]

26
Li UM, Lee BS, Shih CT, Lan WH, Lin CP. Cyclic fatigue of endodontic nickel titanium rotary instruments: static and dynamic tests. J Endod 2002; 28: 448-451 [PMID: 12067126]

27
Pirani C, Cirulli PP, Chersoni S, Micele L, Ruggeri O, Prati C. Cyclic fatigue testing and metallographic analysis of nickel-titanium rotary instruments. J Endod 2011; 37: 1013-1016 [PMID: 21689562 DOI: 10.1016/j.joen.2011.04.009]

28
Kosti E, Zinelis S, Molyvdas I, Lambrianidis T. Effect of root canal curvature on the failure incidence of ProFile rotary Ni-Ti endodontic instruments. Int Endod J 2011; 44: 917-925 [PMID: 21658071 DOI: 10.1111/j.1365]

29
Weiger R, Brückner M, ElAyouti A, Löst C. Preparation of curved root canals with rotary FlexMaster instruments compared to Lightspeed instruments and NiTi hand files. Int Endod J 2003; 36: 483-490 [PMID: 12823704]

30
Kramkowski TR, Bahcall J. An in vitro comparison of torsional stress and cyclic fatigue resistance of ProFile GT and ProFile GT Series X rotary nickel-titanium files. J Endod 2009; 35: 404-407 [PMID: 19249605 DOI: 10.1016/j.joen.2008.12.003]

31
Kim HC, Sung SY, Ha JH, Solomonov M, Lee JM, Lee CJ, Kim BM. Stress generation during self-adjusting file movement: minimally invasive instrumentation. J Endod 2013; 39: 1572-1575 [PMID: 24238449 DOI: 10.1016/j.joen.2013.07.021]

32
Kitchens GG, Liewehr FR, Moon PC. The effect of operational speed on the fracture of nickel-titanium rotary instruments. J Endod 2007; 33: 52-54 [PMID: 17185131]

33
Haïkel Y, Serfaty R, Bateman G, Senger B, Allemann C. Dynamic and cyclic fatigue of engine-driven rotary nickel-titanium endodontic instruments. J Endod 1999; 25: 434-440 [PMID: 10530246]

34
Inan U, Aydin C, Tunca YM. Cyclic fatigue of ProTaper rotary nickel-titanium instruments in artificial canals with 2 different radii of curvature. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2007; 104: 837-840 [PMID: 17904394]

35
Azimi S, Delvari P, Hajarian HC, Saghiri MA, Karamifar K, Lotfi M. Cyclic Fatigue Resistance and Fractographic Analysis of Race and Protaper Rotary NiTi Instruments. Iran Endod J 2011; 6: 80-86 [PMID: 23130057]

36
Matwychuk MJ, Bowles WR, McClanahan SB, Hodges JS, Pesun IJ. Shaping abilities of two different engine-driven rotary nickel titanium systems or stainless steel balanced-force technique in mandibular molars. J Endod 2007; 33: 868-871 [PMID: 17804332]

37
Rowan MB, Nicholls JI, Steiner J. Torsional properties of stainless steel and nickel-titanium endodontic files. J Endod 1996; 22: 341-345 [PMID: 8935057]

38
Plotino G, Grande NM, Cordaro M, Testarelli L, Gambarini G. A review of cyclic fatigue testing of nickel-titanium rotary instruments. J Endod 2009; 35: 1469-1476 [PMID: 19840633 DOI: 10.1016/j.joen.2009.06.015]

39
Plotino G, Grande NM, Melo MC, Bahia MG, Testarelli L, Gambarini G. Cyclic fatigue of NiTi rotary instruments in a simulated apical abrupt curvature. Int Endod J 2010; 43: 226-230 [PMID: 20158534 DOI: 10.1111/j.1365-2591.2009.01668.x]

40
Bahia MG, Martins RC, Gonzalez BM, Buono VT. Physical and mechanical characterization and the influence of cyclic loading on the behaviour of nickel-titanium wires employed in the manufacture of rotary endodontic instruments. Int Endod J 2005; 38: 795-801 [PMID: 16218971]

41
Lee MH, Versluis A, Kim BM, Lee CJ, Hur B, Kim HC. Correlation between experimental cyclic fatigue resistance and numerical stress analysis for nickel-titanium rotary files. J Endod 2011; 37: 1152-1157 [PMID: 21763912 DOI: 10.1016/​j.joen.2011.03.025]

42
Shen Y, Cheung GS, Peng B, Haapasalo M. Defects in nickel-titanium instruments after clinical use. Part 2: Fractographic analysis of fractured surface in a cohort study. J Endod 2009; 35: 133-136 [PMID: 19084143]

43
Haïkel Y, Serfaty R, Wilson P, Speisser JM, Allemann C. Mechanical properties of nickel-titanium endodontic instruments and the effect of sodium hypochlorite treatment. J Endod 1998; 24: 731-735 [PMID: 9855823]

44
Kim JY, Cheung GS, Park SH, Ko DC, Kim JW, Kim HC. Effect from cyclic fatigue of nickel-titanium rotary files on torsional resistance. J Endod 2012; 38: 527-530 [PMID: 22414843 DOI: 10.1016/j.joen.2011.12.018]

45
Park SY, Cheung GS, Yum J, Hur B, Park JK, Kim HC. Dynamic torsional resistance of nickel-titanium rotary instruments. J Endod 2010; 36: 1200-1204 [PMID: 20630299 DOI: 10.1016/​j.joen.2010.02.016]

46
Braga LC, Magalhães RR, Nakagawa RK, Puente CG, Buono VT, Bahia MG. Physical and mechanical properties of twisted or ground nickel-titanium instruments. Int Endod J 2013; 46: 458-465 [PMID: 23078183 DOI: 10.1111/iej.12011]

47
Setzer FC, Böhme CP. Influence of combined cyclic fatigue and torsional stress on the fracture point of nickel-titanium rotary instruments. J Endod 2013; 39: 133-137 [PMID: 23228273 DOI: 10.1016/j.joen.2012.10.001]

48
Vieira EP, Nakagawa RK, Buono VT, Bahia MG. Torsional behaviour of rotary NiTi ProTaper Universal instruments after multiple clinical use. Int Endod J 2009; 42: 947-953 [PMID: 19751294 DOI: 10.1111/j.1365-2591.2009.01602.x]

49
Bonessio N, Pereira ES, Lomiento G, Arias A, Bahia MG, Buono VT, Peters OA. Validated finite element analyses of WaveOne Endodontic Instruments: a comparison between M-Wire and NiTi alloys. Int Endod J 2014; Epub ahead of print [PMID: 24923193 DOI: 10.1111/iej.12333]

50
Shen Y, Zhou HM, Wang Z, Campbell L, Zheng YF, Haapasalo M. Phase transformation behavior and mechanical properties of thermomechanically treated K3XF nickel-titanium instruments. J Endod 2013; 39: 919-923 [PMID: 23791264 DOI: 10.1016/j.joen.2013.04.004]

51
Rodrigues RC, Lopes HP, Elias CN, Amaral G, Vieira VT, De Martin AS. Influence of different manufacturing methods on the cyclic fatigue of rotary nickel-titanium endodontic instruments. J Endod 2011; 37: 1553-1557 [PMID: 22000462 DOI: 10.1016/j.joen.2011.08.011]

52
Larsen CM, Watanabe I, Glickman GN, He J. Cyclic fatigue analysis of a new generation of nickel titanium rotary instruments. J Endod 2009; 35: 401-403 [PMID: 19249604 DOI: 10.1016/j.joen.2008.12.010]

53
Shen Y, Coil JM, Zhou HM, Tam E, Zheng YF, Haapasalo M. ProFile Vortex instruments after clinical use: a metallurgical properties study. J Endod 2012; 38: 1613-1617 [PMID: 23146647 DOI: 10.1016/j.joen.2012.09.018]

54
Montalvão D, Alçada FS. Numeric comparison of the static mechanical behavior between ProFile GT and ProFile GT series X rotary nickel-titanium files. J Endod 2011; 37: 1158-1161 [PMID: 21763913 DOI: 10.1016/j.joen.2011.05.018]

55
Johnson E, Lloyd A, Kuttler S, Namerow K. Comparison between a novel nickel-titanium alloy and 508 nitinol on the cyclic fatigue life of ProFile 25/.04 rotary instruments. J Endod 2008; 34: 1406-1409 [PMID: 18928858 DOI: 10.1016/j.joen.2008.07.029]

56
Condorelli GG, Bonaccorso A, Smecca E, Schäfer E, Cantatore G, Tripi TR. Improvement of the fatigue resistance of NiTi endodontic files by surface and bulk modifications. Int Endod J 2010; 43: 866-873 [PMID: 20618880]

57
Pongione G, Pompa G, Milana V, Di Carlo S, Giansiracusa A, Nicolini E, De Angelis F. Flexibility and resistance to cyclic fatigue of endodontic instruments made with different nickel-titanium alloys: a comparative test. Ann Stomatol (Roma) 2012; 3: 119-122 [PMID: 23386933]

58
Ninan E, Berzins DW. Torsion and bending properties of shape memory and superelastic nickel-titanium rotary instruments. J Endod 2013; 39: 101-104 [PMID: 23228266 DOI: 10.1016/j.joen.2012.08.010]

59
Casper RB, Roberts HW, Roberts MD, Himel VT, Bergeron BE. Comparison of autoclaving effects on torsional deformation and fracture resistance of three innovative endodontic file systems. J Endod 2011; 37: 1572-1575 [PMID: 22000466 DOI: 10.1016/j.joen.2011.07.008]

60
Shen Y, Qian W, Abtin H, Gao Y, Haapasalo M. Effect of environment on fatigue failure of controlled memory wire nickel-titanium rotary instruments. J Endod 2012; 38: 376-380 [PMID: 22341078 DOI: 10.1016/j.joen.2011.12.002]

61
Anderson ME, Price JW, Parashos P. Fracture resistance of electropolished rotary nickel-titanium endodontic instruments. J Endod 2007; 33: 1212-1216 [PMID: 17889692]

62
Cheung GS, Shen Y, Darvell BW. Does electropolishing improve the low-cycle fatigue behavior of a nickel-titanium rotary instrument in hypochlorite? J Endod 2007; 33: 1217-1221 [PMID: 17889693]

63
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: 113-128 [PMID: 21902705 DOI: 10.1111/j.1365-2591.2011.01957.x]

64
Oh SR, Chang SW, Lee Y, Gu Y, Son WJ, Lee W, Baek SH, Bae KS, Choi GW, Lim SM, Kum KY. A comparison of nickel-titanium rotary instruments manufactured using different methods and cross-sectional areas: ability to resist cyclic fatigue. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2010; 109: 622-628 [PMID: 20303058 DOI: 10.1016/j.tripleo.2009.12.025]

65
Cheung GS, Zhang EW, Zheng YF. A numerical method for predicting the bending fatigue life of NiTi and stainless steel root canal instruments. Int Endod J 2011; 44: 357-361 [PMID: 21219364 DOI: 10.1111/j.1365-2591.2010.01838.x]

66
Yum J, Cheung GS, Park JK, Hur B, Kim HC. Torsional strength and toughness of nickel-titanium rotary files. J Endod 2011; 37: 382-386 [PMID: 21329826 DOI: 10.1016/j.joen.2010.11.028]

67
Baek SH, Lee CJ, Versluis A, Kim BM, Lee W, Kim HC. Comparison of torsional stiffness of nickel-titanium rotary files with different geometric characteristics. J Endod 2011; 37: 1283-1286 [PMID: 21846549 DOI: 10.1016/j.joen.2011.05.032]

68
Inan U, Aydin C. Comparison of cyclic fatigue resistance of three different rotary nickel-titanium instruments designed for retreatment. J Endod 2012; 38: 108-111 [PMID: 22152632 DOI: 10.1016/j.joen.2011.09.010]

69
Rödig T, Kupis J, Konietschke F, Dullin C, Drebenstedt S, Hülsmann M. Comparison of hand and rotary instrumentation for removing gutta-percha from previously treated curved root canals: a microcomputed tomography study. Int Endod J 2014; 47: 173-182 [PMID: 23701239 DOI: 10.1111/iej.12128]

70
Rödig T, Hausdörfer T, Konietschke F, Dullin C, Hahn W, Hülsmann M. Efficacy of D-RaCe and ProTaper Universal Retreatment NiTi instruments and hand files in removing gutta-percha from curved root canals - a micro-computed tomography study. Int Endod J 2012; 45: 580-589 [PMID: 22264204 DOI: 10.1111/j.1365-2591.2012.02014.x]

71
Kahan RS. Summary of: a survey of adoption of endodontic nickel-titanium rotary instrumentation part 1: general dental practitioners in Wales. Br Dent J 2013; 214: 114-115 [PMID: 23392029 DOI: 10.1038/sj.bdj.2013.134a]

72
Madarati AA, Watts DC, Qualtrough AJ. Opinions and attitudes of endodontists and general dental practitioners in the UK towards the intracanal fracture of endodontic instruments: part 1. Int Endod J 2008; 41: 693-701 [PMID: 18554183 DOI: 10.1111/j.1365-2591.2008.01425.x]

73
Lee W, Song M, Kim E, Lee H, Kim HC. A survey of experience-based preference of Nickel-Titanium rotary files and incidence of fracture among general dentists. Restor Dent Endod 2012; 37: 201-206 [PMID: 23429764 DOI: 10.5395/rde.2012.37.4.201]

74
Ma HW, Wang Q, Wang LL. [Fracture of ProTaper rotary instrument with analysis on influential factors]. Shanghai Kou Qiang Yi Xue 2010; 19: 349-353 [PMID: 20871949]

75
Shen Y, Coil JM, McLean AG, Hemerling DL, Haapasalo M. Defects in nickel-titanium instruments after clinical use. Part 5: single use from endodontic specialty practices. J Endod 2009; 35: 1363-1367 [PMID: 19801231 DOI: 10.1016/j.joen.2009.07.004]

76
Shen Y, Coil JM, Zhou H, Zheng Y, Haapasalo M. HyFlex nickel-titanium rotary instruments after clinical use: metallurgical properties. Int Endod J 2013; 46: 720-729 [PMID: 23330612 DOI: 10.1111/iej.12049]

77
Wolcott S, Wolcott J, Ishley D, Kennedy W, Johnson S, Minnich S, Meyers J. Separation incidence of protaper rotary instruments: a large cohort clinical evaluation. J Endod 2006; 32: 1139-1141 [PMID: 17174668]

78
Kiefner P, Ban M, De-Deus G. Is the reciprocating movement per se able to improve the cyclic fatigue resistance of instruments? Int Endod J 2014; 47: 430-436 [PMID: 24033466 DOI: 10.1111/iej.12166]

79
Pérez-Higueras JJ, Arias A, de la Macorra JC. Cyclic fatigue resistance of K3, K3XF, and twisted file nickel-titanium files under continuous rotation or reciprocating motion. J Endod 2013; 39: 1585-1588 [PMID: 24238452 DOI: 10.1016/j.joen.2013.07.020]

80
Shin CS, Huang YH, Chi CW, Lin CP. Fatigue life enhancement of NiTi rotary endodontic instruments by progressive reciprocating operation. Int Endod J 2014; 47: 882-888 [PMID: 24355085 DOI: 10.1111/iej.12233]

81
De-Deus G, Moreira EJ, Lopes HP, Elias CN. Extended cyclic fatigue life of F2 ProTaper instruments used in reciprocating movement. Int Endod J 2010; 43: 1063-1068 [PMID: 21080616]

82
Kim HC, Kwak SW, Cheung GS, Ko DH, Chung SM, Lee W. Cyclic fatigue and torsional resistance of two new nickel-titanium instruments used in reciprocation motion: Reciproc versus WaveOne. J Endod 2012; 38: 541-544 [PMID: 22414846 DOI: 10.1016/j.joen.2011.11.014]

83
Plotino G, Grande NM, Testarelli L, Gambarini G. Cyclic fatigue of Reciproc and WaveOne reciprocating instruments. Int Endod J 2012; 45: 614-618 [PMID: 22268461 DOI: 10.1111/​j.1365-2591.2012.02015.x]

84
De-Deus G, Leal Vieira VT, Nogueira da Silva EJ, Lopes H, Elias CN, Moreira EJ. Bending resistance and dynamic and static cyclic fatigue life of Reciproc and WaveOne large instruments. J Endod 2014; 40: 575-579 [PMID: 24666915 DOI: 10.1016/j.joen.2013.10.013]

85
Lopes HP, Ferreira AA, Elias CN, Moreira EJ, de Oliveira JC, Siqueira JF. Influence of rotational speed on the cyclic fatigue of rotary nickel-titanium endodontic instruments. J Endod 2009; 35: 1013-1016 [PMID: 19567325 DOI: 10.1016/j.joen.2009.04.003]

86
Boessler C, Peters OA, Zehnder M. Impact of lubricant parameters on rotary instrument torque and force. J Endod 2007; 33: 280-283 [PMID: 17320714]

87
Shantiaee Y, Dianat O, Sharifi F, Nahvi G, Kolahi Ahari G. The Impact of Three Different Canal Lubricants on Fracture, Deformity and Metal Slivering of ProTaper Rotary Instruments. Iran Endod J 2014; 9: 127-130 [PMID: 24688582]

88
Pedullà E, Grande NM, Plotino G, Palermo F, Gambarini G, Rapisarda E. Cyclic fatigue resistance of two reciprocating nickel-titanium instruments after immersion in sodium hypochlorite. Int Endod J 2013; 46: 155-159 [PMID: 22831397 DOI: 10.1111/j.1365-2591.2012.02100.x]

89
Berutti E, Angelini E, Rigolone M, Migliaretti G, Pasqualini D. Influence of sodium hypochlorite on fracture properties and corrosion of ProTaper Rotary instruments. Int Endod J 2006; 39: 693-699 [PMID: 16916358]

90
Gambarini G, Plotino G, Sannino G, Grande NM, Giansiracusa A, Piasecki L, da Silva Neto UX, Al-Sudani D, Testarelli L. Cyclic fatigue of instruments for endodontic glide path. Odontology 2015; 103: 56-60 [PMID: 24197177]

91
Plotino G, Grande NM, Sorci E, Malagnino VA, Somma F. Influence of a brushing working motion on the fatigue life of NiTi rotary instruments. Int Endod J 2007; 40: 45-51 [PMID: 17209832]

92
Plotino G, Al-Sudani D, Pulino S, Grande NM, Marcoli PA, Pizzi S, Testarelli L, Gambarini G. Cyclic fatigue resistance of Mtwo NiTi rotary instruments used by experienced and novice operators--an in vivo and in vitro study. Med Sci Monit 2012; 18: MT41-MT45 [PMID: 22648260]

93
Arias A, Perez-Higueras JJ, de la Macorra JC. Influence of clinical usage of GT and GTX files on cyclic fatigue resistance. Int Endod J 2014; 47: 257-263 [PMID: 23808563 DOI: 10.1111/iej.12141]

94
McGuigan MB, Louca C, Duncan HF. The impact of fractured endodontic instruments on treatment outcome. Br Dent J 2013; 214: 285-289 [PMID: 23518972 DOI: 10.1038/sj.bdj.2013.271]

95
Madarati AA, Hunter MJ, Dummer PM. Management of intracanal separated instruments. J Endod 2013; 39: 569-581 [PMID: 23611371 DOI: 10.1016/j.joen.2012.12.033]

96
McGuigan MB, Louca C, Duncan HF. Clinical decision-making after endodontic instrument fracture. Br Dent J 2013; 214: 395-400 [PMID: 23619858 DOI: 10.1038/sj.bdj.2013.379]

97
Madarati AA, Watts DC, Qualtrough AJ. Opinions and attitudes of endodontists and general dental practitioners in the UK towards the intra-canal fracture of endodontic instruments. Part 2. Int Endod J 2008; 41: 1079-1087 [PMID: 19133097 DOI: 10.1111/j.1365-2591.2008.01473.x]

98
Hansen JR, Beeson TJ, Ibarrola JL. Case series: tooth retention 5 years after irretrievable separation of LightSpeedLSX instruments. J Endod 2013; 39: 1467-1470 [PMID: 24139276 DOI: 10.1016/j.joen.2013.06.031]

99
Kim HC, Lee MH, Yum J, Versluis A, Lee CJ, Kim BM. Potential relationship between design of nickel-titanium rotary instruments and vertical root fracture. J Endod 2010; 36: 1195-1199 [PMID: 20630298 DOI: 10.1016/j.joen.2010.02.010]

100
Madarati AA, Qualtrough AJ, Watts DC. Effect of retained fractured instruments on tooth resistance to vertical fracture with or without attempt at removal. Int Endod J 2010; 43: 1047-1053 [PMID: 20726909 DOI: 10.1111/j.1365-2591.2010.01783.x]

101
Andrabi SM, Kumar A, Iftekhar H, Alam S. Retrieval of a separated nickel-titanium instrument using a modified 18-guage needle and cyanoacrylate glue: a case report. Restor Dent Endod 2013; 38: 93-97 [PMID: 23741713 DOI: 10.5395/rde.2013.38.2.93]

102
Choksi D, Idnani B, Kalaria D, Patel RN. Management of an intracanal separated instrument: a case report. Iran Endod J 2013; 8: 205-207 [PMID: 24171030]

103
Yoldas O, Oztunc H, Tinaz C, Alparslan N. Perforation risks associated with the use of Masserann endodontic kit drills in mandibular molars. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2004; 97: 513-517 [PMID: 15088037]

104
Shahabinejad H, Ghassemi A, Pishbin L, Shahravan A. Success of ultrasonic technique in removing fractured rotary nickel-titanium endodontic instruments from root canals and its effect on the required force for root fracture. J Endod 2013; 39: 824-828 [PMID: 23683286 DOI: 10.1016/j.joen.2013.02.008]

105
Nevares G, Cunha RS, Zuolo ML, Bueno CE. Success rates for removing or bypassing fractured instruments: a prospective clinical study. J Endod 2012; 38: 442-444 [PMID: 22414826 DOI: 10.1016/j.joen.2011.12.009]

106
Ward JR, Parashos P, Messer HH. Evaluation of an ultrasonic technique to remove fractured rotary nickel-titanium endodontic instruments from root canals: an experimental study. J Endod 2003; 29: 756-763 [PMID: 14651285]

107
Gencoglu N, Helvacioglu D. Comparison of the different techniques to remove fractured endodontic instruments from root canal systems. Eur J Dent 2009; 3: 90-95 [PMID: 19421387]

108
Mitchell Q, Jeansonne BG, Stoute D, Lallier TE. Electrochemical dissolution of nickel-titanium endodontic files induces periodontal ligament cell death. J Endod 2013; 39: 679-684 [PMID: 23611390 DOI: 10.1016/j.joen.2012.12.013]

109
Aboud LR, Ormiga F, Gomes JA. Electrochemical induced dissolution of fragments of nickel-titanium endodontic files and their removal from simulated root canals. Int Endod J 2014; 47: 155-162 [PMID: 23659794 DOI: 10.1111/iej.12126]

110
Ormiga F, Aboud LR, Gomes JA. Electrochemical-induced dissolution of nickel-titanium endodontic instruments with different designs. Int Endod J 2015; 48: 342-350 [PMID: 24871818 DOI: 10.1111/iej.12320]

111
Terauchi Y, O’Leary L, Suda H. Removal of separated files from root canals with a new file-removal system: Case reports. J Endod 2006; 32: 789-797 [PMID: 16861084]

112
Yu DG, Kimura Y, Tomita Y, Nakamura Y, Watanabe H, Matsumoto K. Study on removal effects of filling materials and broken files from root canals using pulsed Nd: YAG laser. J Clin Laser Med Surg 2000; 18: 23-28 [PMID: 11189108]

113
Cvikl B, Klimscha J, Holly M, Zeitlinger M, Gruber R, Moritz A. Removal of fractured endodontic instruments using an Nd: YAG laser. Quintessence Int 2014; 45: 569-575 [PMID: 24847495 DOI: 10.3290/j.qi.a31961]

114
Feldman G, Solomon C, Notaro P, Moskowitz E. Retrieving broken endodontic instruments. J Am Dent Assoc 1974; 88: 588-591 [PMID: 4521266]

115
Roig-Greene JL. The retrieval of foreign objects from root canals: a simple aid. J Endod 1983; 9: 394-397 [PMID: 6579199]

116
Shen Y, Peng B, Cheung GS. Factors associated with the removal of fractured NiTi instruments from root canal systems. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2004; 98: 605-610 [PMID: 15529134]

117
Lee RS, Alapati S, Johnson BR. Separation anxiety: Gates-Glidden drills can be hazardous to your health. J Endod 2011; 37: 1470-1472 [PMID: 21924205 DOI: 10.1016/j.joen.2011.05.027]

118
Rahimi M, Parashos P. A novel technique for the removal of fractured instruments in the apical third of curved root canals. Int Endod J 2009; 42: 264-270 [PMID: 19228217 DOI: 10.1111/​j.1365-2591.2008.01464.x]

119
Mohammadzadeh Akhlaghi N, Baradaran Mohajeri L, Fazlyab M. Tissue Necrosis due to Chloroform: A Case Report. Iran Endod J 2013; 8: 208-209 [PMID: 24790633]

120
Gerek M, Başer ED, Kayahan MB, Sunay H, Kaptan RF, Bayırlı G. Comparison of the force required to fracture roots vertically after ultrasonic and Masserann removal of broken instruments. Int Endod J 2012; 45: 429-434 [PMID: 22188327 DOI: 10.1111/j.1365-2591.2011.01993.x]

121
Shenoy A, Mandava P, Bolla N, Vemuri S. A novel technique for removal of broken instrument from root canal in mandibular second molar. Indian J Dent Res 2014; 25: 107-110 [PMID: 24748311 DOI: 10.4103/0970-9290.131157]

P- Reviewer: El-Askary FS, Wukich DK    S- Editor: Ji FF    L- Editor: A    E- Editor: Liu SQ  
Figure Legends

[image: image1.png]



Figure 1 (A-C) preoperative and (D-E) 5-year follow-up radiographs: (D) complete healing, (E) uncertain healing, and (F) no healing.
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Figure 2  The extractor is inserted into the groove and locked the end of the fragment by the screw tightened between the plunger and the internal embossment. A: Periapical radiograph: Separated instrument is visible in middle 3rd of calcified root canal in maxillary right lateral incisor; B and C: Making a channel around the separated instrument to keep the broken instrument in the center of the tube of Masserann Kit; D and E: Engaging tube of Masserann Kit with the separated instrument and removal of the fragment from root canal.
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Figure 3  Schematic diagram of the intracanal fragment dissolution test. CE: Counter electrode; RE: Reference electrode.
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Figure 4  Procedures for removing a separated file from a root canal using the new file removal system. A: Initial canal with a separated file; B: Canal enlarged with CBA; C: Dentin removal around the separated file with CBB; D: Ultrasonic tip troughed semicircularly around the separated file to create space for the file-removal device; E: troughing semicircularly on the remaining half of the separated file for complete exposure; F: Placement of the loop over the separated file; G: Fastening the loop to grab the separated file; H: Removal of the separated file from the root canal.
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Figure 5  A modified 18-gauge needle and cyanoacrylate glue were used to retrieve a separated nickel-titanium instrument from the mesiolingual canal of a mandibular first molar. A: Radiograph showing separated instrument; Radiograph showing dentine surrounding the coronalend of the separated fragment removed with GG drill; B: An 18-guage needle, modified by cutting with a carborundum disc from the tip to transform it into a microtube; C: Separated instrument fragment removed adhered to the microtube; D: Radiograph confirming instrument removal; Working length reconfirmed; Post-obturation radiograph; E: Two-year follow up radiograph.
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Figure 6  A separated hand instrument in a second molar was retrieved from the mesiobuccal root, which was close to the mandibular canal, using tooth replantation. A: Broken instrument near to the mandibular canal; B: After extraction; C: Measured broken instrument of 7 mm; D: After obturation; E: After separators were placed; F: Extra coronal splinting with orthodontic wires were prepared; G: Post operative Radiograph; H and I: Four weeks after Band removal; J: Three months follow-up Radiograph; K: One year follow-up radiograph; L: One year clinical radiograph.
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Table 2  The recommended use times of different studies


Year


�
Ref.


�
Instruments (rotary)


�
n


�
Used times


�
Operator


�
Deformation (files)


�
Separation (files)


�
�
2006


�
Wolcott et al[77]


�
ProTaper 


�
4652 canals


�
1 tooth


�
Experienced


�
�
20


�
�
�
�
�
�
2 teeth


�
Experienced 


�
�
12


�
�
�
�
�
�
3 teeth


�
Experienced 


�
�
23


�
�
�
�
�
�
4 teeth


�
Experienced 


�
�
19


�
�
�
�
�
�
5 teeth


�
Experienced 


�
�
39


�
�
2009


�
Shen et al[75]


�
ProFile 0.04,


�
1071 files


�
1 visit


�
Experienced 


�
    8 (0.75%)


�
  0


�
�
�
�
ProFile Series 29 0.04


�
432 files


�
1 visit


�
Experienced 


�
0


�
  0


�
�
�
�
ProTaper


�
1895 files


�
1 visit


�
Experienced 


�
55 (2.9%)


�
   5 (0.26%)


�
�
2009


�
Inan et al[7]


�
Mtwo 


�
593 files


�
4 molar teeth or 2 molar 


teeth with curved canals�
10 trained


�
58 (9.78%) (unwinding 


and curve/bend)�
   95 (16.02%)


�
�
2009


�
Vieira et al[48]


�
ProTaper Universal 


�
10 sets files


�
5 molar teeth


�
Experienced 


�
0


�
  0


�
�
2010


�
Ma et al[74]


�
ProTaper 


�
432 case


�
20 canals


�
�
�
27


�
�
2012


�
Shen et al[53]


�
ProFile Vortex


�
2023 files


�
1 visit


�
Undergraduate students 


�
0


�
1 (0.04)


�
�
2013


�
Shen et al[76]


�
HyFlex CM


�
468 files


�
3 teeth


�
9 residents 


�
16 (3.4%) 


�
  0


�
�
2015


�
Plotino et al[9]


�
Reciproc 


�
1696 files


�
1 tooth


�
�
    6 (0.35%)


�
   8 (0.47%)


�
�






Table 1  The prevalence and incidence of files separation at different studies


Year


�
Ref.


�
Instrument


�
n


�
Level


�
Location


�
Separation


�
�
1997


�
Ramirez-Salomon et al[10] 


�
LightSpeed


�
    162


�
Canals


�
Molars


�
  3.7%


�
�
�
�
�
      52


�
Teeth


�
Molars


�
11.5%


�
�
2000


�
Sattapan et al[11] 


�
Quantec Series 2000


�
    378


�
Files


�
Tooth


�
   21%


�
�
2003


�
Al-Fouzan et al[12]


�
Profile


�
  1457


�
Canals


�
Molars


�
  1.4%


�
�
�
�
�
    419


�
Teeth


�
Molars


�
     5%


�
�
2003


�
Hülsmann et al[13] 


�
Quantec Sc


�
      50


�
Canals


�
Molars


�
     6%


�
�
�
�
�
      25


�
Teeth


�
Molars


�
   12%


�
�
�
�
LightSpeed


�
      50


�
Canals


�
Molars


�
   10%


�
�
�
�
�
      25


�
Teeth


�
Molars


�
   20%


�
�
2004


�
Ankrum et al[14]


�
Profile


�
      59


�
Files


�
Molars


�
  1.7%


�
�
�
�
Protaper


�
      84


�
Files


�
Molars


�
  6.0%


�
�
�
�
K3 Endo


�
      48


�
Files


�
Molars


�
  2.1%


�
�
2006


�
Troian et al[15] 


�
RaCe


�
      50


�
Canals


�
Artificial


�
   12%


�
�
�
�
K3


�
      50


�
Canals


�
Artificial


�
     0%


�
�
2006


�
Iqbal et al[16]


�
Hand and rotary instrument 


�
10237


�
Canals


�
Tooth


�
0.09%


�
�
�
�
�
  4116


�
Teeth


�
Tooth


�
0.22%


�
�
�
�
Hand only 


�
  1801


�
Canals


�
Tooth


�
0.17%


�
�
�
�
�
    749


�
Teeth


�
Tooth


�
0.40%


�
�
�
�
Rotary instrument


�
10237


�
Canals


�
Tooth


�
0.67%


�
�
�
�
�
  4116


�
Teeth


�
Tooth


�
1.68%


�
�
2006


�
Di Fiore et al[4]


�
Profile 


�
  2476


�
Files


�
Tooth


�
0.28%


�
�
�
�
Protaper


�
  1689


�
Files


�
Tooth


�
0.41%


�
�
�
�
GTRotary


�
    771


�
Files


�
Tooth


�
0.39%


�
�
�
�
K3Endo


�
  1725


�
Files


�
Tooth


�
0.52%


�
�
2006


�
Knowles et al[8]


�
LightSpeed


�
  3543


�
Canals 


�
Tooth


�
1.30%


�
�
2009


�
Inan et al[7]


�
Mtwo


�
    593


�
Files


�
Tooth


�
16.2%


�
�
2009


�
Shen et al[2,5]


�
Profile


�
  3706


�
Files


�
Tooth


�
  0.3%


�
�
�
�
Protaper


�
  1895


�
Files


�
Tooth


�
0.26%


�
�
�
�
Protaper for hand use


�
    280


�
Files


�
Tooth


�
  2.9%


�
�
�
�
K3


�
    294


�
Files


�
Tooth


�
     3%


�
�
2011


�
Wu et al[17]


�
Protaper


�
  6154


�
Canals


�
Tooth


�
  1.1%


�
�
�
�
�
  2654


�
Teeth


�
Tooth


�
  2.6%


�
�
2013


�
Gu et al[18]


�
Protaper


�
  2061


�
Files


�
Tooth


�
28.2%


�
�
2014


�
Plotino et al[19]


�
Reciproc 


�
  3780


�
Canals


�
Tooth


�
0.21%


�
�
�
�
�
  1696


�
Files


�
Tooth


�
0.47%


�
�
2014


�
Labaf et al[20]


�
Hero642


�
    233


�
Canals


�
Simulated 


�
4.75%


�
�
�
�
FlexMaster


�
      92


�
Canals


�
Simulated


�
3.92%


�
�
�
�
Mtwo


�
152


�
Canals


�
Simulated


�
6.33%


�
�
2014


�
Wang et al[6]


�
Mtwo


�
24108


�
Canals


�
Tooth


�
  1.0%


�
�
�
�
�
11036


�
Teeth


�
Tooth


�
  2.2%


�
�
2014


�
Ungerechts et al[3]


�
Hand instruments 


�
3854


�
Teeth


�
Tooth


�
  1.0%


�
�









