Influence of autoclave sterilization procedures on the cyclic fatigue resistance of heat-treated nickel-titanium instruments: a systematic review
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Abstract
Objectives
This systematic review evaluated the influence of autoclave sterilization procedures on the cyclic fatigue resistance of heat-treated nickel-titanium (NiTi) instruments.

Materials and Methods
A systematic search without restrictions was conducted in the following electronic databases: PubMed, Scopus, Web of Science, ScienceDirect, Cochrane, and Open Grey. The hand search was also performed in the main endodontic journals. The eligible studies were submitted to the methodological assessment and data extraction.

Results
From 203 abstracts, a total of 10 articles matched the eligible criteria. After reading the full articles, 2 were excluded because of the absence of the heat-treated instruments in the experimental design and 3 due to the lack of a control group using heat-treated instruments without autoclave sterilization. From the 5 included studies, 1 presented a low risk of bias, 3 presented moderate and 1 high risk. It was observed heterogeneous findings in the included studies, with autoclave sterilization cycles increasing, decreasing or not affecting the cyclic fatigue life of heat-treated NiTi instruments. However, the retrieved studies evaluating the cyclic fatigue resistance of endodontic instruments presented different protocols and assessing outcomes, this variability makes the findings less comparable within and also between groups and preclude the establishment of an unbiased scientific evidence base.

Conclusions
Considering the little scientific evidence and considerable risk of bias, it is still possible to conclude that autoclave sterilization procedures appear to influence the cyclic fatigue resistance of heat-treated NiTi instruments.
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INTRODUCTION
The use of nickel-titanium (NiTi) instruments in endodontic clinical procedures provided many advantages, such as faster set-up time, cutting efficiency, and canal centering ability compared to manual stainless steel files [1]. Despite these benefits, NiTi instruments appear to be vulnerable to deformations and/or fractures, which may contribute negatively to treatment prognosis [2]. To overcome these drawbacks, improvements in instrument design and the development of new NiTi alloys with superior mechanical properties have been proposed [1].
The nickel and titanium ratio of a conventional NiTi alloy is almost equiatomic, with approximately 56% and 44% of each element, respectively [3]. With these proportions, there are 2 temperature-dependent crystalline structures called austenite and martensite phases [4]. In the austenitic state, the NiTi alloy is rigid, hard and has superior superelastic properties, whereas in its martensitic state the NiTi alloy is soft, ductile, can be easily deformed and has the shape memory effect [2]. At room temperature, many files are in the martensitic state or at least below the austenite finish (Af) temperature, that is why they are still rather flexible [456789]. Based on this information, several producers have developed special thermomechanical processing aiming to produce NiTi alloys, which mainly contain a stable martensitic phase under clinical conditions. Thus, several thermomechanical treatments have been suggested, such as the Control Memory (CM; Coltene, Cuyahoga Falls, OH, USA), the Blue Technology (Dentsply Tulsa Dental Specialties, Tulsa, OK, USA), and the Gold Technology (Dentsply Tulsa Dental Specialties). Within these treatments, instruments have demonstrated increased flexibility, resistance to fatigue, and capacity of self-centering in the canal during preparation [456789].
NiTi instruments are generally used more than one single-use in clinical practice for different reasons. Therefore, sterilization procedures are necessary to avoid cross-contamination among patients [10]. Since NiTi properties are highly influenced by thermomechanical processing, the effects of additional heat retreatment promoted during autoclaving procedures can affect the mechanical properties of these instruments. This issue has been demonstrated in previously published studies that showed the influence of autoclave sterilization on the cyclic fatigue strength of NiTi instruments [791112]. However, these findings remained controversial. Thus, a systematic review of the available literature using strict inclusion criteria could help to clarify the differences in the results of these studies. Therefore, the purpose of this systematic review was to answer the following question: “Do autoclave sterilization procedures influence the cyclic fatigue resistance of heat-treated NiTi instruments?”

MATERIALS AND METHODS
The present systematic review was conducted following the Preferred Reporting Items for Systematic Review and Meta-analysis (PRISMA) statement [13]. In addition, it was also registered in the PROSPERO database (CRD42018096428).
Search strategy
The systematic search of the literature was conducted by 2 independent reviewers (M.Z. and T.K.S.F.) until March 2019 using the following databases: Medline, Scopus, and The Cochrane Library. The gray literature was consulted by OpenSIGLE. To complement the searches, the references of the included studies were screened to find any additional study that did not appear in the database searches.
The systematic search strategy was based on the following Medical Subject Heading terms (MeSH) or Text Word (tw) in different combination: “NiTi,” “nickel-titanium,” “titanium nickelide*,” “nickelide,” “root canal therapy,” “dental instruments,” “instrument*,” “instrument*,” “rotatory,” “sterilization,” “autoclave,” “heat*,” “thermal*,” “fatigue,” “stress fracture,” “fracture resistance,” “resistance,” and “fracture strength.” The MeSH and tw were applied by combining the Boolean operators (OR, AND) for the searches. Appropriate modifications were performed in terms of adequate syntax rules of each database (Table 1).
Table 1 Search strategy in the databases

[image: ]	Database	Search strategy
	PubMed	#1 ((((NiTi[Title/Abstract]) OR Ni-Ti[Title/Abstract]) OR nickel-titanium[Title/Abstract]) OR titanium nickelide[Title/Abstract]) OR nickelide[Title/Abstract]
	#2 ((((((root canal therapy[MeSH Terms]) OR root canal therapy[Title/Abstract]) OR dental instruments[MeSH Terms]) OR dental instruments[Title/Abstract]) OR instrument*[Title/Abstract]) OR endodontic*[Title/Abstract]) OR rotatory[Title/Abstract]
	#3 ((((sterilization[MeSH Terms]) OR sterilization[Title/Abstract]) OR autoclave[Title/Abstract]) OR heat*[Title/Abstract]) OR termal*[Title/Abstract]
	#4 ((((((fatigue[MeSH Terms]) OR fatigue[Title/Abstract]) OR stress fracture[MeSH Terms]) OR stress fracture[Title/Abstract]) OR fracture resistance[Title/Abstract]) OR resistance[Title/Abstract]) OR fracture strength[Title/Abstract]
	#1 and #2 and #3 and #4
	Scopus	#1 TITLE-ABS-KEY(NiTi) OR TITLE-ABS-KEY(Ni-Ti) OR TITLE-ABS-KEY(nickel-titanium) OR TITLE-ABS-KEY(titanium nickelide) OR TITLE-ABS-KEY(nickelide)
	#2 TITLE-ABS-KEY(root canal therapy) OR TITLE-ABS-KEY(dental instruments) OR TITLE-ABS-KEY(instrument*) OR TITLE-ABS-KEY(endodontic*) OR TITLE-ABS-KEY(rotatory)
	#3 TITLE-ABS-KEY(sterilization) OR TITLE-ABS-KEY(autoclave) OR TITLE-ABS-KEY(heat*) OR TITLE-ABS-KEY(termal*)
	#4 TITLE-ABS-KEY(fatigue) OR TITLE-ABS-KEY(stress fracture) OR TITLE-ABS-KEY(fracture resistance) OR TITLE-ABS-KEY(resistance) OR TITLE-ABS-KEY(fracture strength)
	#1 and #2 and #3 and #4
	Web of Science	#1 TS=(“NiTi” OR “Ni-Ti” OR “nickel-titanium” OR “titanium nickelide*” OR “nickelide”)
	#2 TS=(“root canal therapy” OR “dental instruments” OR “instrument*” OR “instrument*” OR “rotatory”)
	#3 TS=(“sterilization” OR “autoclave” OR “heat*” OR “termal*”)
	#4 TS=(“fatigue” OR “stress fracture” OR “fracture resistance” OR “resistance” OR “fracture strength”)
	#1 and #2 and #3 and #4
	ScienceDirect	#1 TITLE-ABS-KEY(NiTi) OR TITLE-ABS-KEY(Ni-Ti) OR TITLE-ABS-KEY(nickel-titanium) OR TITLE-ABS-KEY(titanium nickelide) OR TITLE-ABS-KEY(nickelide)
	#2 TITLE-ABS-KEY(root canal therapy) OR TITLE-ABS-KEY(dental instruments) OR TITLE-ABS-KEY(instrument*) OR TITLE-ABS-KEY(endodontic*) OR TITLE-ABS-KEY(rotatory)
	#3 TITLE-ABS-KEY(sterilization) OR TITLE-ABS-KEY(autoclave) OR TITLE-ABS-KEY(heat*) OR TITLE-ABS-KEY(termal*)
	#4 TITLE-ABS-KEY(fatigue) OR TITLE-ABS-KEY(stress fracture) OR TITLE-ABS-KEY(fracture resistance) OR TITLE-ABS-KEY(resistance) OR TITLE-ABS-KEY(fracture strength)
	#1 and #2 and #3 and #4
	Open Grey - SIGLE	#1 “NiTi” OR “Ni-Ti” OR “nickel-titanium” OR “titanium nickelide*” OR “nickelide”
	#2 “root canal therapy” OR “dental instruments” OR “instrument*” OR “instrument*” OR “rotatory”
	#3 “sterilization” OR “autoclave” OR “heat*” OR “termal*”
	#4 “fatigue” OR “stress fracture” OR “fracture resistance” OR “resistance” OR “fracture strength”
	#1 and #2 and #3 and #4


The search was performed without any restrictions on the publication date. It was included only studies in the English language. To find additional studies, the electronic search was supplemented by a hand search of the reference lists from the articles included and alerts created in databases concerning the search strategy. An additional screening was performed in the references of the included studies and in specific journals, such as the Journal of Endodontics and in the International Endodontic Journal to find any additional study that did not appear in the searched databases.

Eligibility criteria of the studies
The eligibility criteria were formulated according to the “PICOS” (Population, Intervention, Comparison, Outcome, and Study design) strategy. It was selected studies that evaluated heat-treated NiTi instruments (P, population) submitted to autoclave sterilization (I, intervention), compared to no autoclave sterilization (C, comparison), which evaluated the cyclic fatigue resistance (O, outcome) in in vitro models (S, study design).
The final decision on the study selection was performed based on the full-text reading of the potentially eligible studies, and only studies that included adequate control groups without autoclave sterilization were included. Additionally, review articles, opinion articles, and letters were also excluded.

Screening and selection
The selection of studies was independently performed by 2 authors (M.Z. and T.K.S.F.) based on the title and abstract. When the title and abstract of the studies did not provide enough information to judge its inclusion or exclusion, the full articles were obtained. In cases of diverging judgment or any disagreement between examiners, the title/abstract was reexamined in consensus with a third examiner (E.J.N.L.S.). Then, the full texts of the studies that presented the potential to be included were evaluated and judged according to eligible criteria following the PICOS strategy. Articles that appeared in more than one database search were removed and only one was maintained.

Assessment of risk of bias
The methodological quality of the included studies was judged based on the adaptation of the quality assessment of a previous systematic review conducted considering in vitro studies [14]. The methodological quality assessment of the included studies was performed independently by the reviewers (M.Z. and T.K.S.F.). The following domains were used: 1) aleatorization of specimens; 2) standardization of samples; 3) standardization of autoclave sterilization procedures (time, temperature and pressure); 4) single-operator protocol execution; 5) sample size calculation; 6) blinding of fatigue test operator; and 7) correct statistical analysis carried out. In cases of disagreement between the examiners, a third examiner (E.J.N.L.S.) was consulted. The calculation of the power of the included studies was performed using the cyclic fatigue resistance means, standard deviations, and sample size for each group of instruments. The power analysis is a strategy that provides the effect size for the study considering the sample size. For this purpose, it was adopted a confidence interval of 95% and a 2-tailed test using OpenEpi 3.04.04 tool www.openepi.com software (Emory University, Atlanta, GA, USA).
The domains reported in the included studies were classified as ‘+’ to register low risk of bias and ‘-‘ to register high risk of bias and ‘?’ to register unclear parameter. The articles were classified as low risk of bias if 6 or more domains were assigned as low (+), a moderate risk of bias if 4 or 5 domains were assigned as low, and a high risk of bias if only 3 or fewer domains were assigned as low. The authors were contacted via e-mail to provide eventual missing information about the included studies. Studies that were not possible to recover the missing information for the correct judgment, after at least 2 attempts to contact the authors via e-mail, were assigned as unclear.

Data extraction
The examiners (M.Z. and T.K.S.F.) performed the independent data extraction of the included articles. The information related to the details of the included studies (first author, year, and country), instruments and brands, sample size, angles, and radii of curvature of simulated canals, model set up, groups and sterilization cycle, and main statistical results were extracted.


RESULTS
Study selection
An overall of 203 studies was retrieved. The title and abstract reading resulted in 10 studies [47910111215161718] that matched the eligibility criteria. No additional study was included after the manual search of the references of these 10 studies. After reading the full text of these studies, 2 were excluded because heat-treated instruments were not used [818], and 3 studies due to the lack of a control group without autoclave sterilization [101115]. Therefore, after the removal of duplicates, the systematic databases search resulted in 5 studies [4791216], as demonstrated in the flow diagram (Figure 1).
[image: Figure 1]
Figure 1 Flow diagram showing the process of identifying, screening and reasons for the exclusion of the studies.


Risk of bias
The results of the methodological quality of the included studies are described in Figure 2. From the 5 included studies, 1 presented low risk of bias [4], 3 presented moderate [7912], and 1 high risk [16]. All studies standardized the included samples, the autoclave sterilization cycle, and the test design. The power analysis of the included studies resulted in satisfactory effect size for 3 studies [91216].
[image: Figure 2]
Figure 2 Methodological quality assessment of the included studies.


Characteristics of included studies
The information related to the 5 included studies is shown in Table 2. The 5 studies performed in vitro cyclic fatigue tests using heat-treated instruments. All included studies compared new unsterilized instruments with new, but autoclaved instruments. The number of autoclaving cycles varied from 1 to 10 cycles. All studies were performed using static cyclic fatigue assays. The testing jig varied in the angle of curvature (60° to 90°) and in the radii of curvature (3 mm to 5 mm).
Table 2 Tested instruments, testing conditions and main results

[image: ]	Study	Heat-treated instruments and brand	Sample size (No.)/power analysis	Angles and radii of curvature of simulated canals	Model setup	Groups and sterilization cycle	Results
	Pedullà et al. [4], 2018	Twisted Files 25/.06 (SybronEndo, Orange, CA, USA) and Hyflex CM 25/.06 (ColteneWhaledent, Cuyahoga Falls, OH, USA)	15/power: 1 time autoclaved; Hyflex CM: 27.38%; Twisted File: 59.16%; Mean: 43.25%; 3 times autoclaved; Hyflex CM: 93.76%; Twisted File: 100%; Mean: 96.88%	60° angle 5-mm radii of curvature	Static	- Control group (non-sterilized) and experimental groups (autoclaved 1 or 3 times).	No cyclic fatigue difference was found between the control and both autoclave groups of Hyflex CM (p > 0.05). Twisted Files autoclaved 3 times had significantly lower resistance to cyclic fatigue than new ones (p < 0.05). No differences were observed between one cycle sterilization and new ones (p > 0.05).
	- Cycle of autoclave sterilization was performed at a temperature of 134°C for 17 minutes.
	Hilfer et al. [16], 2011	GT Series X files 20/.06 and 20/.04 (Dentsply Tulsa Dental Specialties, Tulsa, OK, USA) and Twisted Files 25/.06 and 25/.04 (SybronEndo, Orange, CA, USA)	20/power: GT 20/.04: 2.13%; GT 20/.06: 70.14%; Twisted File 25/.06: 40.24%; Mean: 37.50%	90° angle 5-mm radii of curvature	Static	- Control group (non-sterilized) and experimental groups (autoclaved 1 time).	Autoclave sterilization conditions did not significantly affect the cyclic fatigue behavior of GT Series X (20/.04 and 20/.06) or the (25/.04) Twisted Files (p > 0.05). However, a statistically significant decrease in Twisted File (25/.06) cycles to failure after autoclaving was observed (p < 0.05).
	- Cycle of autoclave sterilization was performed at a 132°C for 6 min (30–35 psi).
	Plotino et al. [7], 2012 	Vortex 40/.04 (Dentsply-Tulsa, Tulsa, OK, USA) and K3XF 40/.04 (SybronEndo, Orange, CA, USA)	12/power: K3: 9.83%; Mtwo: 7.14%; Vortex: 11.22%; K3XF: 33.98; Mean: 15.54%	60° angle 5-mm radii of curvature	Static	- Control group (non-sterilized) and experimental group (autoclaved 10 times).	K3XF autoclaved 10 times had significantly higher resistance to cyclic fatigue than new ones (p < 0.05). No cyclic fatigue difference was found between new and autoclaved Vortex instruments (p > 0.05).
	- The sterilized instruments were subjected to 10 cycles of autoclave sterilization and each cycle was performed at a temperature of 134°C for a duration of 35 min (including 20 min of sterilization and 15 minutes for drying).
	Özyürek et al. [12], 2017	ProTaper Next 25/.06 (Dentsply Maillefer, Ballaigues, Switzerland) and ProTaper Gold 25/.08 (Dentsply Maillefer, Ballaigues, Switzerland)	20/power: ProTaper Gold: 95.73%; ProTaper Next: 85.14%; ProTaper Universal: 5.34%; Mean: 62.07%	60° angle 5-mm radii of curvature	Static	- Control group (non-sterilized) and experimental group (autoclaved 10 times).	Both ProTaper Next and ProTaper Gold autoclaved 10 times had significantly higher resistance to cyclic fatigue than new ones (p < 0.05).
	- Each autoclave sterilization process was performed for 18 minutes under 30 psi of pressure at 134°C and then dried for 30 min.
	Zhao et al. [9], 2016	HyFlex CM 30/.06 (Coltene Whaledent, Cuyahoga Falls, OH, USA), Twisted Files 30/.06 (SybronEndo, Orange, CA, USA) and K3XF 30/.06 (SybronEndo, Orange, CA, USA)	20/power: HyFlex CM: 97.61%; Twisted Files: 1.96%; K3XF:80.73%; K3: 6.99%; Race: 2.54%; Mean: 37.96%	60° angle 3-mm radii of curvature	Static	- Control group (non-sterilized) and experimental group (autoclaved 10 times).	Hyflex CM and K3XF autoclaved 10 times had significantly higher resistance to cyclic fatigue than new ones (p < 0.05). No differences were observed between Twisted File instruments autoclaved or not (p > 0.05).
	- Each cycle was performed including sterilization at 134°C, with a pressure of 30 psi, for 20 min and then drying for 15 min.



Outcomes of the cyclic fatigue life
Due to the high heterogeneity among instruments brands, methods, and applied techniques to measure the outcomes of the cyclic fatigue life, it was not possible to standardize the outcome data and conduct a meta-analysis. Therefore, in the current systematic review, a descriptive analysis was carried out, and the main relevant findings are reported in Table 2.
The findings resulted from the included studies were varied, with autoclave sterilization cycles increasing [7912], decreasing [416] or not affecting [47916] the cyclic fatigue life of heat-treated NiTi instruments.


DISCUSSION
The assessment of the cyclic fatigue life of NiTi instruments is a frequently studied topic in endodontics, as it is considered the main reason of instrument fracture during clinical use [5619]. This type of fracture is more prevalent in curved root canals. It occurs due to metal fatigue because the instrument rotates freely at the curvature without binding so that the compressive and tensile stresses are concentrated at the point of maximum flexure until the fracture occurs [1920].
Several methodologies, using different devices, have been proposed to assess the cyclic fatigue resistance of NiTi instruments. The majority of the studies tested instruments confined in a glass or metal tube, in a grooved block-and-rod assembly, or in a sloped metal block [21]. However, it is important to emphasize that there are no specifications or international standards for the evaluation of this property in endodontics, which may explain the large variation in results. This lack of standardization was one of the major challenges of this study and can explain the variety of results. Therefore, the seek for a standardized methodology to evaluate the cyclic fatigue resistance is necessary.
In this systematic review, all studies assessed the cyclic fatigue resistance of NiTi instruments at room temperature [4791216]. However, the intracanal temperature at which the instruments are used during clinical root canal preparation is around 31°C –35°C [722]. Recently, few studies have demonstrated that environmental temperature may drastically affect the cyclic fatigue resistance of NiTi instruments [232425]. Therefore, future studies should be performed considering the simulation of environmental temperature when evaluating the influence of autoclave sterilization in the cyclic fatigue resistance of NiTi instruments.
During clinical practice, it is common to reuse NiTi instruments. These instruments are more prone to fracture to cyclic fatigue as they are used several times; therefore, more susceptible to tensile and compressive stresses. Besides that, the choice to reuse instruments makes the sterilization process necessary to prevent cross infections [26]. Also, clinicians use pre-determined sets of NiTi files, and some of them may be not used in a specific root canal treatment, requiring autoclave sterilization before reuse. Several studies have shown the effects of sterilization procedures on the mechanical properties of NiTi instruments, such as cyclic fatigue [716182627]. Moreover, it has been suggested that NiTi properties are related to the thermomechanical processing history of the product [28], and additional heat treatment during autoclavation procedures might have a direct influence on instrument properties [479121629].
The present study aimed to systematically review the effects of autoclave sterilization procedures on the cyclic fatigue resistance of heat-treated NiTi instruments. After the search, a total of 10 studies matched the inclusion criteria [47910111215161718]. However, after a complete reading of them, only 5 were included in this systematic review [4791216]. Overall, this systematic review presented a moderate risk of bias, since most of the studies were classified as moderate risk of bias [7912] and only one was classified as high risk [16]. The major concern of all included studies was the absence of a sample size calculation. In addition, Plotino et al. [7] presented the domain “blinding of the operator of test machine” as high risk of bias since the blinding was not performed. All included studies were classified as low risk of bias for the domains: “standardization of sample,” “standardization of autoclavation procedures,” and “statistical analysis.” The power analysis can be applied before and after experiment tests. In this review, it was applied as a post-hoc analysis that was performed to judge if the sample size of the included studies were powerful. In this sense, the power analysis demonstrated a satisfactory effect size for the 5 studies. Plotino et al. [7] presented the lowest effect size and Pedullà et al. [4] the highest.
Hilfer et al. [16] showed that autoclavation procedures did not significantly affect the cyclic fatigue resistance of GT series X (Dentsply Tulsa Dental Specialties) (both 20/0.04 and 20/0.06) or Twisted Files (TF; SybronEndo, Orange, CA) (25/0.04) instruments. However, TF (25/0.06) presented significantly lower mean cycles to failure after autoclavation. Plotino et al. [7] tested the effect of autoclave sterilization on the cyclic fatigue resistance of K3 (SybronEndo), Mtwo (VDW, Munich, Germany), Vortex (Dentsply Tulsa Dental Specialties), and K3XF (SybronEndo) instruments and concluded that repeated cycles of autoclave sterilization did not influence the mechanical properties of NiTi instruments except for the K3XF files, which demonstrated a significant increase in its cyclic fatigue resistance. The results from Zhao et al. [9] showed that HyFlex CM (Coltene Whaledent), TF and K3XF instruments, which are composed of new thermal-treated alloy, were more resistant to fatigue failure than Race (FKG Dentaire, La-Chaux-de-Fonds, Switzerland) and K3; autoclaving extended the cyclic fatigue life of HyFlex CM and K3XF instruments, but did not affect the cyclic fatigue life of TF. Özyürek et al. [12] concluded that ProTaper Gold (Dentsply Maillefer, Ballaigues, Switzerland) instruments, made of a new gold alloy, were more resistant to cyclic fatigue than ProTaper Next (Dentsply Maillefer) and ProTaper Universal (Dentsply Maillefer). Autoclaving increased the cyclic fatigue resistance of ProTaper Next and ProTaper Gold instruments [12]. Pedullà et al. [4] showed no differences in the cyclic fatigue life of new, and 1 or 3 times autoclaved Hyflex CM and new or 1 autoclaved cycle TF instruments; however, TF instruments autoclaved 3 times showed poor results when compared to new ones. Analyzing these results, GT Series, HyFlex CM, K3XF, ProTaper Gold, and ProTaper Next showed an improvement on the cyclic fatigue resistance after autoclaving protocols. This trend is mainly observed in studies that performed a large number of cycles of sterilization (10 cycles) [7912], which leads us to believe that few cycles of sterilization are not able to promote significant modifications in the mechanical behavior of these instruments. However, in 2 studies [416], autoclaved TF instruments demonstrated lower cyclic fatigue resistance when compared to non-autoclaved ones. The decrease in the cyclic fatigue resistance of TF instruments indicates that repeated sterilization procedures could negatively influence TF mechanical properties, leading to instrument fracture. Although TF is heat-treated instruments, they undergo a twisting process during their manufacture. On the contrary, the other instruments evaluated in the included studies of this systematic review are heat-treated instruments manufactured by grinding. Therefore, the difference in the manufacturing process (twisting X grinding) might be related to general observations previously discussed in the present study. Future studies should be performed evaluating this issue. Recently, Shen et al. [30] demonstrated that austenite start and Af temperatures play an important role in fatigue resistance in different temperatures. For this reason, a table summarizing the properties of heat-treated instruments used in the studies included in this systematic review was included (Table 3) [2331323334353637383940]. However, no consistent conclusion could be reached after analyzing these characteristics.
Table 3 Included instruments and its characteristics

[image: ]	Included instruments	NiTi alloy	As temperature (°C)	Af temperature (°C)	Reference
	Twisted Files	R-phase alloy	37.9	58.3	Aminsobhani et al. [31], 2016
	12.0	51.7	Shim et al. [32], 2017
	Hyflex CM	Controlled memory alloy	22.2	32.4	Iacono et al. [33], 2017
	11.8	39.7	Shim et al. [32], 2017
	21.5	43.5	de Vasconcelos et al. [23], 2016
	20.1	51.4	Shen et al. [34], 2013
	GT Series X files	M-wire alloy	-	-	No data published
	Profile Vortex	M-wire alloy	−7.7	50.4	Shen et al. [35], 2011
	29.0	43.4	Braga et al. [36], 2014
	28.1	53.1	Shen et al. [37], 2015
	0.08	53.8	Tsujimoto et al. [38], 2014
	0.02	51.7	Shen et al. [39], 2012
	K3XF	R-phase alloy	−5.5	24.8	Shen et al. [34], 2013
	−4.8	27.0	Tsujimoto et al. [38], 2014
	ProTaper Next	M-wire alloy	37.8	54.1	Aminsobhani et al. [31], 2016
	ProTaper Gold	Gold alloy	-	50.1	Hieawy et al. [40], 2015

As, austenite start; Af, austenite finish.


The overall evidence quality of this systematic review is moderate and should be interpreted with caution. The included studies had significant heterogeneity in their methodology because they used a great variety of cyclic fatigue set-ups, variations in angles and radii of curvature of simulated canals, and autoclave sterilization protocols. Moreover, several commercial brands of instruments with most varied NiTi alloys were evaluated - each alloy can have its transitional temperatures and the percentage phases of the alloy affected in a different way [9]. Thus, it was hard to perform cross-study comparisons due to the lack of uniformity in methodologies and evaluation criteria. This systematic review highlighted that available studies assessing cyclic fatigue resistance of endodontic instruments have different protocols and evaluating outcomes, which make them less comparable within and between groups and preclude the establishment of an unbiased scientific evidence base.

CONCLUSIONS
Although the available scientific evidence base is short and at considerable risk of bias, it is still possible to conclude that autoclave sterilization procedures appear to influence the cyclic fatigue resistance of heat-treated NiTi instruments.

Footnotes
Conflict of Interest: No potential conflict of interest relevant to this article was reported.

Author Contributions:
	Conceptualization: Silva EJNL, Fidalgo TKS.

	Data curation: Silva EJNL, Zanon M, Fidalgo TKS.

	Formal analysis: Silva EJNL, Hecksher F, Belladonna FG.

	Investigation: Silva EJNL, Zanon M, Vasconcelos RA.

	Methodology: Silva EJNL, Zanon M, Fidalgo TKS.

	Project administration: Silva EJNL.

	Supervision: Silva EJNL.

	Writing - original draft: Hecksher F, Belladonna FG, Vasconcelos RA.

	Writing - review & editing: Silva EJNL, Fidalgo TKS.







References
1. Es-Souni M, Es-Souni M, Brandies HF. On the transformation behaviour, mechanical properties and biocompatibility of two niti-based shape memory alloys: NiTi42 and NiTi42Cu7. Biomaterials 2001;22:2153–2161.
	11432595. 
2. Abu-Tahun IH, Kwak SW, Ha JH, Kim HC. Microscopic features of fractured fragment of nickel-titanium endodontic instruments by two different modes of torsional loading. Scanning 2018;20189467059. 29675119. 
3. Thompson SA. An overview of nickel-titanium alloys used in dentistry. Int Endod J 2000;33:297–310.
	11307203. 
4. Pedullà E, Benites A, La Rosa GM, Plotino G, Grande NM, Rapisarda E, Generali L. Cyclic fatigue resistance of heat-treated nickel-titanium instruments after immersion in sodium hypochlorite and/or sterilization. J Endod 2018;44:648–653.
	29397218. 
5. Cheung GS, Peng B, Bian Z, Shen Y, Darvell BW. Defects in ProTaper S1 instruments after clinical use: fractographic examination. Int Endod J 2005;38:802–809.
	16218972. 
6. Peng B, Shen Y, Cheung GS, Xia TJ. Defects in ProTaper S1 instruments after clinical use: longitudinal examination. Int Endod J 2005;38:550–557.
	16011774. 
7. Plotino G, Costanzo A, Grande NM, Petrovic R, Testarelli L, Gambarini G. Experimental evaluation on the influence of autoclave sterilization on the cyclic fatigue of new nickel-titanium rotary instruments. J Endod 2012;38:222–225.
	22244641. 
8. Rodrigues RC, Antunes HS, Neves MA, Siqueira JF Jr, Rôças IN. Infection control in retreatment cases: in vivo antibacterial effects of 2 instrumentation systems. J Endod 2015;41:1600–1605.
	26234543. 
9. Zhao D, Shen Y, Peng B, Haapasalo M. Effect of autoclave sterilization on the cyclic fatigue resistance of thermally treated nickel-titanium instruments. Int Endod J 2016;49:990–995.
	26372255. 
10. Bulem UK, Kececi AD, Guldas HE. Experimental evaluation of cyclic fatigue resistance of four different nickel-titanium instruments after immersion in sodium hypochlorite and/or sterilization. J Appl Oral Sci 2013;21:505–510.
	24473715. 
11. Champa C, Divya V, Srirekha A, Karale R, Shetty A, Sadashiva P. An analysis of cyclic fatigue resistance of reciprocating instruments in different canal curvatures after immersion in sodium hypochlorite and autoclaving: an in vitro study. J Conserv Dent 2017;20:194–198.
	29279625. 
12. Özyürek T, Yılmaz K, Uslu G. The effects of autoclave sterilization on the cyclic fatigue resistance of ProTaper Universal, ProTaper Next, and ProTaper Gold nickel-titanium instruments. Restor Dent Endod 2017;42:301–308.
	29142878. 
13. Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, Shekelle P, Stewart LA. PRISMA-P Group. Preferred reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst Rev 2015;4:125554246. 
14. Aurélio IL, Marchionatti AM, Montagner AF, May LG, Soares FZ. Does air particle abrasion affect the flexural strength and phase transformation of Y-TZP? A systematic review and meta-analysis. Dent Mater 2016;32:827–845.
	27083253. 
15. 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.
	23808563. 
16. Hilfer PB, Bergeron BE, Mayerchak MJ, Roberts HW, Jeansonne BG. Multiple autoclave cycle effects on cyclic fatigue of nickel-titanium rotary files produced by new manufacturing methods. J Endod 2011;37:72–74.
	21146081. 
17. Khabiri M, Ebrahimi M, Saei MR. The effect of autoclave sterilization on resistance to cyclic fatigue of Hero endodontic file #642 (6%) at two artificial curvature. J Dent (Shiraz) 2017;18:277–281.
	29201971. 
18. Mize SB, Clement DJ, Pruett JP, Carnes DL Jr. Effect of sterilization on cyclic fatigue of rotary nickel-titanium endodontic instruments. J Endod 1998;24:843–847.
	10023267. 
19. Parashos P, Gordon I, Messer HH. Factors influencing defects of rotary nickel-titanium endodontic instruments after clinical use. J Endod 2004;30:722–725.
	15448468. 
20. Peters OA. Current challenges and concepts in the preparation of root canal systems: a review. J Endod 2004;30:559–567.
	15273636. 
21. 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.
	19840633. 
22. de Hemptinne F, Slaus G, Vandendael M, Jacquet W, De Moor RJ, Bottenberg P. In vivo intracanal temperature evolution during endodontic treatment after the injection of room temperature or preheated sodium hypochlorite. J Endod 2015;41:1112–1115.
	25814243. 
23. de Vasconcelos RA, Murphy S, Carvalho CA, Govindjee RG, Govindjee S, Peters OA. Evidence for reduced fatigue resistance of contemporary rotary instruments exposed to body temperature. J Endod 2016;42:782–787.
	26993574. 
24. Inan U, Keskin C, Sivas Yilmaz Ö, Baş G. Cyclic fatigue of Reciproc Blue and Reciproc instruments exposed to intracanal temperature in simulated severe apical curvature. Clin Oral Investig 2019;23:2077–2082.
	
25. Plotino G, Grande NM, Testarelli L, Gambarini G, Castagnola R, Rossetti A, Özyürek T, Cordaro M, Fortunato L. Cyclic fatigue of Reciproc and Reciproc Blue nickel-titanium reciprocating files at different environmental temperatures. J Endod 2018;44:1549–1552.
	30144990. 
26. Savage NW, Walsh LJ. The use of autoclaves in the dental surgery. Aust Dent J 1995;40:197–200.
	7661768. 
27. Viana AC, Gonzalez BM, Buono VT, Bahia MG. Influence of sterilization on mechanical properties and fatigue resistance of nickel-titanium rotary endodontic instruments. Int Endod J 2006;39:709–715.
	16916360. 
28. Zinelis S, Darabara M, Takase T, Ogane K, Papadimitriou GD. The effect of thermal treatment on the resistance of nickel-titanium rotary files in cyclic fatigue. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2007;103:843–847.
	17428695. 
29. Li XF, Zheng P, Xu L, Su Q. The influence of autoclave sterilization on surface characteristics and cyclic fatigue resistance of 3 nickel-titanium rotary instruments. Shanghai Kou Qiang Yi Xue 2015;24:690–695.
	27063120. 
30. Shen Y, Huang X, Wang Z, Wei X, Haapasalo M. Low environmental temperature influences the fatigue resistance of nickel-titanium files. J Endod 2018;44:626–629.
	29306534. 
31. Aminsobhani M, Khalatbari MS, Meraji N, Ghorbanzadeh A, Sadri E. Evaluation of the fractured surface of five endodontic rotary instruments: a metallurgical study. Iran Endod J 2016;11:286–292.
	27790257. 
32. Shim KS, Oh S, Kum K, Kim YC, Jee KK, Chang SW. Mechanical and metallurgical properties of various nickel-titanium rotary instruments. BioMed Res Int 2017;20174528601. 29318149. 
33. Iacono F, Pirani C, Generali L, Bolelli G, Sassatelli P, Lusvarghi L, Gandolfi MG, Giorgini L, Prati C. Structural analysis of HyFlex EDM instruments. Int Endod J 2017;50:303–313.
	26864081. 
34. 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.
	23791264. 
35. Shen Y, Zhou HM, Zheng YF, Campbell L, Peng B, Haapasalo M. Metallurgical characterization of controlled memory wire nickel-titanium rotary instruments. J Endod 2011;37:1566–1571.
	22000465. 
36. Braga LC, Faria Silva AC, Buono VT, de Azevedo Bahia MG. Impact of heat treatments on the fatigue resistance of different rotary nickel-titanium instruments. J Endod 2014;40:1494–1497.
	25146041. 
37. Shen Y, Zhou H, Coil JM, Aljazaeri B, Buttar R, Wang Z, Zheng YF, Haapasalo M. ProFile Vortex and Vortex Blue nickel-titanium rotary instruments after clinical use. J Endod 2015;41:937–942.
	25841958. 
38. Tsujimoto M, Irifune Y, Tsujimoto Y, Yamada S, Watanabe I, Hayashi Y. Comparison of conventional and new-generation nickel-titanium files in regard to their physical properties. J Endod 2014;40:1824–1829.
	25266465. 
39. 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.
	23146647. 
40. Hieawy A, Haapasalo M, Zhou H, Wang ZJ, Shen Y. Phase transformation behavior and resistance to bending and cyclic fatigue of ProTaper Gold and ProTaper Universal instruments. J Endod 2015;41:1134–1138.
	25841955. 


