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Aim: To review the reported defect and fracture rates of various NiTi instrumentation systems and identify factors that may influence the chance of NiTi file separation clinically.

Data Sources: PubMed, EMBASE, and SCOPUS with controlled vocabulary and keywords in various combinations to identify articles that reported on the defects and/or fracture of NiTi instrument used clinically (Jan 1980 till Aug 2021), with additional search manually by going through the list of references of the initially screened articles. Those satisfying the inclusion and exclusion criteria were entered into the analysis.

Study Eligibility Criteria, Participants, and Interventions: All studies from the said databases reporting on NiTi root canal instruments that were deformed or separated during normal clinical use.

Study Appraisal and Synthesis Methods: Studies with data available and suitable for meta-analysis were grouped according to the general design of the NiTi instruments for comparison. Safety quotient value was calculated based on the rate of instrument distortion and fracture.

Results: Various instrument designs exhibited different incidences of distortion and fracture, hence a different “safety quotient” (ratio of the amount of deformed instruments to that of fractures in use). Heat-treated files showed the highest safety quotient value. All brands of NiTi file demonstrated a statistically significantly lower incidence of fracture, if treated as disposable instruments after clinical use in a patient.

Limitations: Inclusion of articles written in English only, and grouping of file systems into general design types in the analysis.

Conclusions and Implications of Key Findings: NiTi endodontic files should be scrutinized for defects before being used in the root canal. Disposing the NiTi instruments after clinical use in a patient (so-called “single use”) is recommended for minimizing fracture clinically. Certain instrument designs tend to show discernible deformation before they should fracture in the next use.
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INTRODUCTION

Nickel-titanium (NiTi) instruments have revolutionized the process of root canal shaping for non-surgical endodontic treatment since its commercial introduction in early 1990's. The early brands were made of austenitic NiTi alloy that exhibits superelastic property (1). Compared with conventional stainless steel files, they are able to enlarge the root canals expeditiously while respecting the root canal curvature (2). The prepared canals, typically, have a smooth taper, with little canal transportation (2, 3). NiTi files are available in many different designs, including different (non-ISO) size convention, increased body taper, and both regular and irregular cross sections. Most, if not all current brands, however, come with a non-cutting tip design (1). In the past few years, instruments made of martensitic NiTi were introduced by many manufacturers, with some actually making use of the shape memory property of the NiTi alloy. These heat-treated variants have been promulgated with claims for improved efficiency and greater instrument safety (4).

Instrument separation is a well-recognized complication of root canal therapy, especially for NiTi rotary instruments. Engine-driven NiTi files can fail or break, as a result of torsional overload and/or cyclic fatigue (5, 6). Fatigue breakage of NiTi files typically occurs more readily in severely curvatures, and affects those overused instruments (6, 7). Ways of preventing this complication have been published (8, 9), which include the use of “crown down” approach, having a straight-line access, single use of the files, avoiding their use in severely curved canals and discarding the instruments once they show signs of deformation.

When a NiTi instrument is noticed to have been distorted (i.e., plastically deformed), either before or after clinical use, the clinician would most likely discard and will not use it anymore. This is especially true for practitioners who might be re-using the instrument (after proper infection control measures) for whatever reason. Those instruments that were reported to have fractured probably had not shown any visible defects prior to that final use. Thus, instruments that tend to deform, rather than fracture, would provide a higher degree of “clinical safety” than those which separate without warning. A safety quotient (SQ), in the context of NiTi engine-files, may be defined as the ratio of the amount of files showing plastic deformation (e.g., distorted flutes) to the amount of fractures either for a particular brand of instrument or, collectively, for instruments of similar design. The higher the SQ value, the more likely that any material defects are noticed upon visual examination, before or after clinical use, hence avoiding the mishap of file separation. The SQ value could serve as a reference to aid the selection of a relatively “safe” file type, especially for new users who need to build their confidence while familiarizing with any brand of NiTi engine-file.

The purpose of this study was to review systematically the defect and fracture rates of various brands of NiTi instrumentation system and to identify any designs or factors that may influence the chance of NiTi files separation during clinical use.



MATERIALS AND METHODS


Literature Search

A comprehensive electronic search of published articles was conducted using 3 electronic databases (PubMed, EMBASE, and SCOPUS) to identify all studies that reported on distortion or breakage of NiTi instruments in clinical practice. The keywords and Boolean operators used in search are the same with each database: (breakage OR fracture OR separation OR separated OR permanent deformation OR distortion OR defect) AND (NiTi OR Ni-Ti OR nickel titanium OR nickel-titanium) AND clinical AND (root canal OR endodontic OR pulpal). The search covered all articles published from 1980 to June 2019, both in Chinese and in English language. Citations of all resultant articles were imported into EndNote X9 (Clarivate Analytics, Philadelphia, PA, USA), and duplicate records were eliminated in that software.

Articles from the electronic search were then screened for relevance by first reading the published title and abstract. Only clinical studies were included while applying the inclusion and exclusion criteria below. Thereafter, the articles were identified, and their reference lists screened to look for any other potentially relevant studies that might have been missed out during the initial search. An update search was performed in September 2021. The process was summarized in Figure 1.
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FIGURE 1. Flowchart of the study selection process.



Inclusion Criteria

• Instruments concerned were either noticed to have deformed, or fractured during clinical use

• Publications, including case reports, with full text available in either soft or hard copy

• Root canal treatment performed by dentists or dental students



Exclusion Criteria

• Not a clinical study, i.e., one involving using extracted teeth or artificial canals, or as a laboratory study of fatigue or torsional failure

• Publications in the form of letters, commentaries or narratives

• Animal studies




Data Extraction and Statistical Analysis

Two reviewers (MJY and MHT) independently screened all titles and abstracts, according to the inclusion and exclusion criteria. Reasons for exclusion were documented for all stages of review. In cases of disagreement, the reviewers would meet for discussion to resolve any disagreements. If that should fail to reach an agreement, a third reviewer (GSC) was recruited. The studies that remained after the screening were then submitted for data extraction. A standard, specifically designed, data collection form was used to record the relevant information systematically, which data were then entered into a spreadsheet (Microsoft Excel, Redmond, WA, USA). Information collected included year of study, method of examination for defects, type of practice (specialist vs. general practice), brand(s) of instrument, sample size, amount of defects and fractures. The two reviewers performed the appraisal and information collection independently, and any disagreement was reconciled by discussion and consensus.

Studies with similar characteristics (brand, type and cross section of instrument) and data set that allowed pooling of data were submitted for meta-analysis. A statistician was consulted for pooling of the data and to assist with the analyses. The independent variables considered were: (i) design of the file, and (ii) single vs. multiple use. In this study, for avoidance of confusion, the sub-group “single use” included all those files that were reported explicitly as having been used on a single tooth, or discarded after a single visit. The dependent variables were the amounts of defect and instrument fracture.

The pooled overall rates of defect or fracture were estimated by separate meta-analyses of the relevant proportions, using a random effect model with the Freeman-tukey double arcsine transformation (10). Heterogeneity tests were performed for each meta-analysis for the reference. Meta regressions were then performed for comparison with dummy variables if necessary. Safety quotient value and its corresponding 95% confidence interval were computed by linearization based variance estimator. Comparison between subgroups was performed by a Wald test. Statistical analysis was done using the Stata 13.1 software (StataCorp LLC, College Station, TX, USA). Results were presented in forest plots, with the computing of the study-specific confidence intervals using exact method and the comparisons made as two-tailed tests at α = 0.05.




RESULTS

During the initial search, the three electronic databases (PubMed, EMBASE, and SCOPUS) yielded 123, 88, and 40 articles, respectively. From the lists of references, another 5 articles were included via hand search. Altogether, 257 articles were included before de-duplication, which process eliminated 112 duplicates. After applying the inclusion and exclusion criteria to the then 145 articles, 34 studies remained (Figure 1). During the process of data extraction, 10 articles had to be excluded, because they only studied files with defects and the total quantity of (each brand of) instruments consumed was not specified, thus making the calculation of defect rates impossible. Two sets of data had been reported twice each (giving rise to 4 articles). For these 4 articles, only the original sets of data were extracted for entry into meta-analysis.


Characteristics of Studies

A total of 34 studies (11–44) were identified, the characteristics of which were summarized in Table 1. All studies were published after the millennium, with 24 reports published in 2000–2009 (11–26, 35–42) and the rest after 2010 (27–34, 43, 44). Thirteen studies were conducted in Asia (15, 16, 16–22, 28, 31, 33, 34, 36, 43); 12 in North America (11, 12, 14, 17, 23, 25, 27, 29, 37, 38, 40, 42); 3 in Europe (30, 39, 41) and 2 in South America (24, 44). One study (32) did not specify the study location but the authors were from Europe. The authors of another study (13) were from Australia with the used instruments collected from several countries. For the examination methods, scanning electron microscope (n = 13 studies) (11, 14–16, 18, 20–22, 24, 31, 33, 36, 39) and/or optical microscope (n = 22 studies) (11–13, 19–32, 34, 35, 39, 42, 43) were used to examine the files in majority of studies. Six articles did not specify the visualization aids (17, 37, 38, 40, 41, 44). The overall safety quotient (SQ) value for collectively for those instruments reported in each study, where computable, was calculated (Table 1). Meta-analysis was performed on 22 sets of study data with a collective defect rate estimated for instruments of similar design (Figures 2, 3).


Table 1. Characteristics of studies qualified for the review.
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FIGURE 2. Forest plot for all kinds of defect, inclusive of plastic deformations and instrument separations, from reports included in the meta-analysis. [NB: X-axis represented the percentage of the total number of files reported].
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FIGURE 3. Forest plots of computed defect rate for NiTi instruments that were reported as being single use (A,B) vs. multiple uses (C,D). [Note different scale for the x-axis in different charts].




Overall Rate of Defects

The overall rate of defects, inclusive of fracture and plastic deformation, for all brands ranged from 0 to 49.2% (Table 1). The overall defect rate was significantly >0 (p < 0.05), for all instrument types combined, with notable differences between instruments that were subject to single use vs. multiple uses (Figure 2). In general, defects were frequently seen in S-shaped section (“S-files”), manually operated NiTi files (ProTaper for Hand Use), triangular variable taper, triple-U, triangular fixed taper, and files with irregular cross-section, in that order. Pairwise comparison indicated that S-files had a statistically significant higher defect rate than Triple-U files (p < 0.05). Heat-treated triangular files also showed an overall defect rate significantly >0 (p < 0.05).

The incidence of fracture was generally below 10% for all instruments reported (Table 1). Nearly all instrument types, regardless of whether the files were for single use (Figure 3B) or multiple uses (Figure 3D), showed a fracture rate of >0 (p < 0.05). With meta-analysis, only those heat-treated instruments seemed to enjoy a fracture rate close to zero (p > 0.05), based on the very small number of publications that included this type of instrument. S-shaped files had a statistically significant higher fracture rate than triple-U files (p < 0.01) and triangular fixed-tapered files (p < 0.05). ProTaper Hand files had a statistically significant higher fracture rate than triangular fixed-tapered files (p = 0.05).

The ratio of the amount of deformed-only to that of separated instruments, i.e., the safety quotient (SQ), was calculated for each general instrument type. The SQ value was the highest for heat-treated triangular files (SQ = 37.7), followed by triangular instrument with fixed taper (SQ = 14.0), and triple-U files (SQ = 3.5) (Figure 4).


[image: Figure 4]
FIGURE 4. Proportion of single- vs. multiple use instruments showing plastic deformation or distorted flutes only (i.e., deformation rate) and those reported to have separated (i.e., fracture rate); and the calculated safety quotient values for various instrument types.




Single vs. Multiple Use

For purpose of this comparison, instruments which had been reported explicitly as being single use were identified, whereas those that were not so reported were assumed to have been used for more than once. Of all studies examined, data for single-use instruments could only be found for 4 general designs: triple-U, triangular variable taper, S-shaped and heat-treated triangular fixed taper. There were also one brand of heat-treated instrument and 2 brands of reciprocating files reported. No statistically significant difference in the rate of plastic deformations (only) was noted among the 4 general designs (p > 0.05) (Figure 3A). For instrument separation, a rate of 0.22% (C.I. 0.05–0.46%) was estimated for all NiTi files that were subject to single use (Figure 3B). Minimal amounts of fracture were reported for heat-treated files (with the collective fracture rate not significantly different from zero; p > 0.05), which file type was excluded from any pairwise comparisons for the incidence of separation. The differences between the various instrument types were not statistically significant (p > 0.05), when the “single use” strategy was employed (Figure 3B).

For those multiple-use instruments, no significant difference was found between various instruments for the rate of defects, both plastic deformation and instrument separation included, except for S-shaped instruments that appeared the most susceptible both for the amount of plastic deformation (Figure 3C) and of fracture when compared with other design types (p < 0.05) (Figure 3D). Collectively for all studies included in the meta-analysis, an overall fracture rate of about 3.6% (C.I. 2.0–5.5%) was estimated for multiple-use instruments, which was a significant rise from the figure of 0.22% for single-use files (p < 0.05). When plastic deformations only or distorted flutes of the instrument are concerned, a similar rate was observed for single-use (4.4%; C.I. 1.9–7.7%) and multiple-use instruments (5.2%; C.I. 2.9–8.1%); the heat-treated files exhibited a similar figure of 3.9% (single use) to 7% (multiple use). The calculated SQ values showed a wide range for various file types, from about 0.5 (triangular variable taper and asymmetric cross section) to over 37 (heat-treated files) (Figure 4).




DISCUSSION

NiTi instrument has revolutionized the process of root canal preparation since its introduction. Not only are NiTi instruments able to enlarge the root canals expeditiously while respecting the root canal curvature (45, 46), but they also enable inexperienced users to achieve an improved success rate for molar endodontic treatment, compared with manual instrumentation (46). Despite all these advantages, widespread acceptance of NiTi instruments is hampered by the fear of their “unexpected” separation in the root canal. Improvements of the material have been achieved by way of surface treatment (chemical or electro-polishing) and/or heat treatment (4). Yet, they are not immune from separation during use.

Reports of instrument separation indicated a fracture rate of some 0–23% for different brands of NiTi instrument under the specific set of conditions in each study (see Table 1). Typically, only one or two brands of instruments were reported in one paper, as it is unusual for any practice or hospital to be keeping stock of all the various brands of instrument (indeed, the number of brands is ever-increasing in the last 2 decades), and because clinicians tend to favor one brand over another as a matter of personal preference. By grouping the data for instruments of the same general design for meta-analysis, it allows the estimation of an overall rate of fracture and/or defects pertaining to a certain design type. The authors recognized that many factors can affect an operator's choice for a particular type or brand of NiTi file—ability of the instrument to conform to the root canal curvature, cutting efficiency, torsional strength, fatigue resistance, and cost are but a few examples. It is likely that clinicians would attach a certain (but unequal) importance to each and every factor in their mind. Breakage of an endodontic instrument within the root canal can be a devastating incident to the operator. Although a tooth bearing a broken segment of an endodontic file within its root canal is not always doomed to failure (47), very few patients would gracefully accept the presence of a metallic fragment embedded within their tooth without any doubt.

Treating the NiTi rotary file as a disposable instrument, i.e., designating it for single use only, will reduce its chance of fracture during clinical use. That concept is corroborated by the results of this meta-analysis, with the “single use” strategy being able to significantly reduce the overall incidence of instrument fracture by over 15-fold. But then, even when single-use strategy is adopted, NiTi engine-files still showed a risk of fracture significantly >0 (see Figure 3B). Those single-use, heated treated instruments seemed to be minimally affected by separation; however, the amount of reports was very small to allow any meaningful comparison with their non-heat-treated counterparts. For clinicians who opted to sterilize the instrument for re-use, the operator has to accept a higher probability (about 3.6%) of instrument separation, that is, a significant increase from the single-use ones (about 0.22%).

It seems that there was an apparent correlation between the publication date and the reported incidence of instrument separation (see Table 1)—the earlier the article was published, the higher the rate reported. Over the years, as we understand more about the material, the mechanism and reasons of fracture, the better the chance for its prevention. There have been many recommended ways to avoid instrument breakage during use (5, 6, 8, 9), of which visual examination of the instrument, with or without magnification, is proposed almost universally. Deformed NiTi instruments are mechanically weakened and will only require a smaller load, or a lower number of revolutions to bring about fracture, compared with their intact undamaged counterparts (48, 49). Invariably, all manufacturers propose that distorted instruments should be discarded for good.

The recommendation of examining the NiTi file before use would help, but only if that distortion or the extent of plastic deformation should be visible in the clinical setting (with or without magnifying aids). Hence, the SQ value of a particular type of NiTi file might become a meaningful figure, as it indicates how likely the operator may notice any material distortions or plastic deformation that could predispose the instrument to failure upon further use in the root canal. Once a deformed file is discerned, the operator would discard and replace it with a new one, thus preventing the clinical mishap of instrument separation. The results of this study indicated that NiTi instruments of different design might demonstrate rather different SQ values (Figure 4). By definition, the higher the SQ value, the greater the chance for deformed instruments to be visually discernible. In other words, those instruments with a higher SQ value might be construed as “clinically safer,” with all other factors being equal and when instrument breakage only is concerned. With that in mind, it appears that the triangular fixed-taper and the triple-U design is likely to provide for the “safest” instrument (SQ = 37.7 and 14.0, respectively), as a great number of deformed files could be noticed (and so reported in the literature) before they should fracture in the canal. Heat-treated files have the highest safety quotient, due to the presence of martensitic phase (which has a lower modulus of elasticity) in the material brought about by the heat treatment.

Except for martensitic NiTi with shape memory property that would stay deformed upon pre-curving, permanent deformation of superelastic (austenitic) NiTi instruments, e.g., in the form of over screwing or unwinding, is a manifestation of structural defect or mechanical failure of the material (6, 9, 11). That over screwing or unwinding is a result of torsional load in excess of the (super)elastic limit. Finite elemental analysis (FEA) studies have reported on the reaction stresses and susceptibility of NiTi instruments to damages due to torsion or bending forces. There, it is noteworthy that the internal stresses developed within instruments of different cross-sectional design due to the torsional loads differed rather dramatically in their values, but that the internal stresses varied insignificantly upon different amounts of bending (50). In fact, it has also been demonstrated that the fatigue life is similar for instruments of different cross section when a proper strain-life analysis was employed, both by FEA (51) and actual experimentation (52).

There are many factors that can affect the chance of instrument fracture in use (9, 53, 54). The manufacturing process (raw material, fabrication method, heat, and/or surface treatment), root canal curvature (both radius and degrees), and presence of straight-line access which affect the curvature imposed on the instrument and/or glide path are some often-reported variables (53, 54). Manufacturers have been diligent in devising ways to produce instruments with improved torsional and fatigue resistance, compared to the first NiTi product that was introduced over 20 years ago. Heat treatment has been a promising and frequently employed method in recently introductions by nearly all manufacturers. This is reflected by the very low fracture rate that were seen in the heat-treated instruments, even when they were subject to multiple uses (see Figure 3D). On the other hand, designating the NiTi files as disposable, single-use instruments should cut down the influence of the inherent deficiency of material properties, if any, because the instrument would have been discarded before its mechanical limit (due to fatigue or torsion) is reached.

A limitation of the present study is related to the relatively small number of reports and the quality of data that were published in the literature. Although there were more than 30 reports qualified for this systematic review, almost one-third of them had not provided the complete data to permit further statistical analysis. In fact, it probably is becoming rather difficult nowadays to publish articles that purely present descriptive statistics of any phenomena, such as instrument separation. Indeed, no further such report was noted in the literature written in English since our search. That might also explain the scarcity of reports on the fracture incidence in the clinical setting for heat-treated (martensitic or shape memory) files that are rather new to the market. On the other hand, with the current mandate in some countries, as well as promotion by manufacturers, for treating the NiTi files as disposable instruments for reason of infection control, there is bound to be a reduction in the amount of instrument separation and of such reports in the literature. Another limitation might be related to the grouping instrument brands into general design categories. The authors recognized that file separation is multi-factorial and that it may not simply explained by the cross-sectional shape or body taper of the file system. The grouping was aimed to reduce the number of groups to enhance the power of the meta-analysis. Regarding the heat-treated instruments, from a metallurgical point of view, martensitic NiTi alloy demonstrates a higher resistance to crack initiation, compared with its superelastic counterpart (55). The fatigue life of martensitic NiTi has been shown to be superior to superelastic (austenitic) NiTi under strain-controlled condition (56), which condition is represented by a rotating NiTi wire being constrained into a constant curvature. Hence, theoretically, if a martensitic NiTi file should be used in mild-to-moderate curve that generate an alternating stress intensity below the crack initiation threshold of that martensitic NiTi material, crack initiation could be totally suppressed and, even if a microcrack should have been initiated, the effect of flexural fatigue would be attenuated to a clinically insignificant level. For the evaluation of effective strain imposed on the root canal instrument, careful assessment of the root canal curvature is essential (57, 58). But then, all these might become irrelevant for single-use instruments.

Within the limitations of this study, it may be concluded that different instrument designs would present an unequal risk of fracture for those instruments designated for multiple use. When NiTi files are subject to single uses, the fracture rate is similar for all brands. But then, certain design types may demonstrate visually discernible deformations (after use) more often than others. A “safety quotient” value is defined to inform the chance of spotting a deformed instrument before it might separate in the canal in the next use.
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