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Abstract

:

This study aims to compare the effectiveness of ultrasonically and sonically activated irrigation in terms of extrusion risk, root canal debridement, and biofilm removal, considering distinct apical preparation sizes, through an ex vivo study in human teeth. Instrumented teeth, to an apical size of 35/.06 or 50/.06, were assigned to three different irrigation procedures: ultrasonically activated irrigation, sonically activated irrigation, and conventional manual irrigation. Apical extrusion risk was evaluated by quantifying irrigant and debris extrusion (n = 10/group). Debris evaluation and smear layer removal from the root canal wall were conducted by scanning electron microscopy (SEM) (n = 5/group), and the elimination of a mature biofilm of Enterococcus faecalis was assessed through resazurin assay and SEM (n = 10/group). For statistical analyses, Student’s paired t-test and the ANOVA with post-hoc Tukey were used. Activated irrigations exhibited a higher risk of extrusion for the larger apical size, while the risk for manual irrigation remained independent of the apical size. Substantially fewer residual debris and smear layers were observed after the activation of the irrigant, and there was a notable enhancement in biofilm elimination compared to manual irrigation (p < 0.05). Notably, the effectiveness of both activated irrigations was more pronounced in root canals prepared to a size 50/.06, with ultrasonic activation showing enhanced improvements. The findings of this study underscore the substantial impact of both ultrasonically and sonically activated irrigation on the effectiveness of root canal disinfection and debridement. This impact is especially prominent with larger apical size, albeit accompanied by an increased risk of extrusion.
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1. Introduction


In contemporary endodontic practice, the instrumentation and irrigation of the root canal system are widely considered critical procedures for successful treatment outcomes [1,2]. Within this context, a broad range of irrigant activating systems has been developed to maximize the efficacy of irrigants following mechanical instrumentation, aiming to improve the debridement and disinfection of the intricate root canal system [3]. This complexity may arise from oval extensions, isthmuses, and apical deltas, which make comprehensive cleaning a challenging task [4,5,6].



One of the most widely embraced techniques is the use of ultrasonic devices for promoting ultrasonically activated irrigation (UAI), allowing the irrigant delivery into non-instrumented areas and further improving its distribution into the apical area and complex anatomical structures [7]. UAI relies on cavitation and acoustic microstreaming generated by the oscillatory motion of a file, operating at ultrasonic frequencies, usually within the 25–30 kHz range [8,9]. On the other hand, sonic systems offer an alternative approach, operating at lower frequencies (usually within the 1–10 kHz range) than ultrasonic devices and employing flexible, non-cutting polymer tips. These strategically designed flexible tips are intended to prevent modifications of the root canal’s morphology and avoid unintended dentin removal [10,11].



Numerous studies have consistently demonstrated the increased efficacy of both ultrasonic and sonic activation devices when compared to conventional needle irrigation, regarding the removal of pulp tissue remnants [12], the eradication of microorganisms (both planktonic and biofilm) [13,14,15], and elimination of the smear layer and dentin debris [7,16]. However, despite these valuable insights, it is worth noting that these studies have employed various experimental setups, making it challenging to perform a comprehensive and comparative analysis of their findings. An additional layer of complexity arises from the varied use of distinct apical preparation sizes, further hindering the comparison of data and its direct translation into the clinical setting. The issue of apical preparation size remains a relevant matter in this context, carrying significant clinical implications. However, it remains a topic of ongoing debate as, while several studies endorse the significant enlargement of root canals to ensure effective irrigation, others express caution about larger preparation sizes, citing the potential risk of apical transportation and zipping issues [17,18].



Accordingly, and to the best of the authors’ knowledge, no comprehensive study addressed simultaneously the different relevant clinical implications of different irrigant activating systems to different apical preparation sizes. Therefore, the present ex vivo study aimed to compare the effectiveness of ultrasonic activation, sonic activation, and conventional manual needle irrigation methods, specifically in the context of two different apical sizes: 35/.06 and 50/.06. Within the confines of a single experimental setting, this study evaluates the performance of these systems across multiple crucial parameters. This evaluation included the quantification of irrigant and debris extrusion, the extent of debris and smear layer removal, as well as the effectiveness in eliminating a mature biofilm of Enterococcus faecalis, a commonly isolated pathogen from root canal system in failing endodontic cases [19]. This study is thus structured to facilitate the critical comparison between distinct irrigant activation systems and assess the potential impact of apical preparation sizes on clinically relevant outcomes. The null hypothesis tested was that there are no differences among the irrigant activation systems (ultrasonically activated irrigation, sonically activated irrigation, and conventional manual irrigation).




2. Materials and Methods


2.1. Teeth Selection and Root Canal Preparation


Permanent human anterior and premolar teeth, with single straight roots, fully formed apices without signs of apical resorption, and clinically intact crowns were selected for this study, after approval by the Ethical Committee of the Faculty of Dental Medicine, University of Porto (protocol 5/2018). Tooth and root canal system anatomy was analyzed by digital radiography in the buccal and proximal directions to confirm the presence of a single canal and apical foramen, and the absence of a complex root canal anatomy. Subsequently, the crowns of the teeth were adjusted to a standardized working length (WL) of 18 mm, and access openings were prepared using diamond burs under air-water spray. Patency was established using a size 15 K-file (Dentsply®, Charlotte, NC, USA).



The teeth (N = 230) were divided into two large groups according to the apical preparation size: 35/.06 and 50/.06 taper. Briefly, WL was set at 1 mm short of the apical foramen by visual inspection with a size 15 K-file (Dentsply®, Charlotte, NC, USA). Canals were instrumented using Wave One® Gold files with ISO size 35/.06 taper, or Protaper Next (Dentsply®, Charlotte, NC, USA) X1, X2, X3, X4, X5 to an apical ISO size 50/.06 taper. Copious irrigation with 5.25% sodium hypochlorite (NaOCl) was performed between each preparation cycle, using a 27G-endodontic needle (Monoject®, CardinalHealthTM, Dublin, OH, USA). A single experienced endodontist performed all procedures.




2.2. Irrigant Activation


Three irrigant activation procedures were performed, as detailed, in accordance with established protocols [20]. Group Manual Irrigation (Manual): the root canal was irrigated with 1.5 mL of 5.25% NaOCl, for 30 s, in a gentle up-and-down motion, with a 27G-endodontic needle 1 mm short of the WL. The procedure was followed by a 30-s pause, and the cycle was repeated once again. Group Ultrasonically Activated Irrigation (Ultrasonic): the root canal was irrigated with 1.5 mL of 5.25% NaOCl, and the irrigant was activated using R&S® Tri Scaler Compact (R&S, Paris, France), in endodontic mode with power level 6, with a Satelec® ET20 ultrasonic tip 1 mm short of the WL, without binding. The activation was performed for 30 s, followed by a 30-s pause, and the cycle was repeated once again. Group Sonically Activated Irrigation (Sonic): the root canal was irrigated with 1.5 mL of 5.25% NaOCl, and the irrigant was activated using EDDY® tips (VDW, Munich, Germany), at 6 kHz, 1 mm short of the WL without binding. The activation was performed for 30 s, followed by a 30-s pause, and the cycle was repeated once again.




2.3. Apical Extrusion of Irrigant


After instrumentation, teeth were fixed with composite resin in a clear container. The container was filled to the cervical level of the teeth with 1% agarose containing 0.1% (w/v) M-cresol purple (25 mL, Sigma-Aldrich, Darmstadt, Germany), which undergoes a color change from yellow to purple, in the presence of NaOCl. Subsequently, the teeth, for each apical size (35/.06 or 50/.06), were randomly allocated into three groups (n = 10/group), and root canal irrigations (i.e., Manual, Ultrasonic, Sonic) were performed, as aforementioned. The tooth/gel set-up was examined with transillumination and was photographed in the buccal/lingual direction, from a fixed distance. Each sample was photographed before and 10 min after irrigation. The extent of color change was conducted using Image J software (v. 1.8.0) following color thresholding. Results were reported as the frequency of irrigant extrusion and, for positive samples, the total area of irrigant extrusion (mm2).




2.4. Apical Extrusion of Debris


To evaluate the apical extrusion of debris, a previously described experimental model was employed [21]. Briefly, the stoppers were separated from 1.5 mL tubes, and their initial weight was determined. Teeth, prepared to an apical size of 35/.06 or 50/.06, were inserted up to the cementoenamel junction, and a 27G needle was placed alongside the stopper to balance the air pressure in/out. Then, each stopper with the tooth and the needle was attached to its tube. The teeth, for each apical size, were randomly divided into three groups (n = 10/group), and the irrigation protocols previously described (i.e., Manual, Ultrasonic, Sonic) were performed. Finally, the stopper, needle, and tooth were separated from the tube, and the debris adhering to the root surface was collected by washing the root with distilled water into the tube. The tubes were stored in an incubator at 68 °C for 5 days and the final weights were measured to ascertain the amount of the extruded debris, obtained by weight difference calculation in milligrams.




2.5. Removal of Debris and Smear Layer


The teeth, prepared to an apical size of 35/.06 or 50/.06 and irrigated according to the procedures mentioned (i.e., Manual, Ultrasonic, Sonic) (n = 5/group), were longitudinally split using a chisel. The morphology of the canal surface was accessed by scanning electron microscopy (SEM, FEI Quanta 400 FEG/ESEM) without any additional manipulation. Prior to imaging, the specimens were sputter-coated (SPI-Module) with a thin film of gold/palladium. To evaluate the superficial debris and smear layer, a previously published four-score index system was adopted [22]. Succinctly, the index used for debris evaluation ranged between score 1: none to slight presence of superficial debris covering up to 25% of the dentinal surface; score 2: little to moderate presence of debris covering between 25–50% of the surface; score 3: moderate to heavy presence of residual debris covering between 50–75% of the surface; score 4: heavy amount of aggregated or scattered debris covering over 75% of the surface. The index used for smear layer evaluation ranged between score 1: little or no smear layer, covering less than 25% of the specimen with tubules visible and patent; score 2: little to moderate or patchy amounts of smear layer, covering between 25–50% of the specimen with many tubules visible and patent; score 3: moderate amounts of scattered or aggregated smear layer, covering between 50–75% of the specimen with minimal to no tubules visible or patent; score 4: heavy smear layer covering over 75% of the specimen with no tubule orifices visible or patent. The evaluation was conducted by two calibrated observers (S.P. and L.G.).




2.6. Removal of Bacterial Biofilm


The apical foramen of instrumented teeth (35/.06 or 50/.06) was sealed with self-cure glass ionomer, and the root surfaces were covered with two layers of nail varnish. To initiate the experiment, previously sterilized teeth had their root canals filled up to the orifice level with a suspension of E. faecalis ATCC 29212 (ca. 108 cells/mL). These teeth were individually submerged in tubes containing brain heart infusion broth (BHI, Liofilchem, Roseto degli Abruzzi (TE), Italy) and incubated at 37 °C for 21 days, with regular renewal of the culture medium every two days. After incubation, the BHI broth in the canal space was aspirated, and the canal was washed with phosphate buffer saline (PBS, Sigma Aldrich, Darmstadt, Germany). Subsequently, the teeth, for each apical size, were randomly gathered into three groups (n = 10/group), and root canal irrigations (i.e., Manual, Ultrasonic, Sonic) were performed. An additional control group (C) was created in which the root canals were not subjected to any irrigation procedure.



To determine the remaining metabolic active bacteria in the root canals after each procedure, the resazurin assay was conducted. Briefly, root canals were filled with BHI broth with 10% resazurin (0.1 mg/mL, Sigma-Aldrich, Darmstadt, Germany) and incubated for 3 h at 37 °C. The medium in the canal space was then collected, and its fluorescence intensity (excitation: 530 nm; emission: 590 nm) was measured in a microplate reader (Synergy HT, BioTek, Santa Clara, CA, USA). Results were presented as relative fluorescence units (RFU).



Additionally, an assessment of the biofilm remaining on the root canal after each irrigation procedure was accessed by SEM. Briefly, teeth were fixed with 1.5% glutaraldehyde (Sigma-Aldrich) for 30 min, longitudinally split, and dehydrated in sequential graded ethanol solutions. Lastly, teeth were sputter-coated with Au-Pd alloy and visualized by SEM.




2.7. Statistical Analysis


Results are presented as mean ± standard deviation for two groups (apical size): 35/.06 or 50/.06; and three subgroups (irrigation procedures): ultrasonically activated irrigation, sonically activated irrigation, and conventional manual irrigation. For statistical analyses, Student’s paired t-test and the one-way analysis of variance (ANOVA) with post-hoc Tukey HSD were used in IBM® SPSS® Statistics software (v. 28.0.0.0, Chicago: SPSS Inc. USA). The level of significance was set at p < 0.05.





3. Results


3.1. Apical Extrusion of Irrigant and Debris


Regarding the extrusion tests, each experimental group exhibited a similar tendency for both irrigant and debris extrusion (Figure 1). Specifically, the manual group demonstrated some degree of extrusion but was unrelated to the apical preparation size. Conversely, for sonic and ultrasonic activation, a greater occurrence of irrigant and debris extrusion was observed in teeth with an apical preparation of 50/.06, in contrast to 35/.06 (Figure 1a,c). Notably, significant differences in debris extrusion were identified between these preparations (Figure 1c, p < 0.05). Although extrusion was more pronounced in the activation protocols with larger apical preparations compared to the manual group, no significant differences were observed. In a more in-depth analysis, teeth exhibiting positive irrigant extrusion were further examined to evaluate the extent of this extrusion. It was found that the size of the apical preparation influenced the extent of extrusion across all groups (Figure 1b). A more extensive area of extrusion was observed for an apical size of 50/.06, compared to 35/.06. Representative images illustrating the extrusion areas are presented in Figure 1b—inset images.




3.2. Removal of Debris and Smear Layer


The assessment of debris and smear layer removal upon irrigation procedures was analyzed by SEM, and both the representative images and the number of samples indexed for each score are presented in Figure 2. In the manual group, regardless of the apical size, the entire root canal walls presented superficial debris and a smear layer, without any visible openings of the dentinal tubules. After ultrasonic activation, root canals at 35/.06 display the minimal presence of debris and a thin smear layer covering the walls, with a low frequency of visible/patent dentinal tubules. In root canals at 50/.06, the presence of debris and smear layer was minimal, and the identification of patent dentinal tubules was substantial. As for sonic activation, root canals prepared at the smaller apical size presented minimal to moderate debris and smear layers, with many dentinal tubules exposed. In contrast, root canals with larger apical size exhibited a reduction in superficial debris, while the smear layer persisted at a minimal to moderate level, with numerous identifiable dentinal tubules. Overall, specimens with an apical size of 50/.06 that underwent sonic or ultrasonic activation showed reduced debris and smear layers compared to those subjected to manual irrigation.




3.3. Removal of Bacterial Biofilm


Concerning the removal of a 21-day bacterial biofilm, all three irrigation procedures significantly reduced the metabolic activity of the established biofilm, regardless of the apical preparation size, compared to the control group without irrigation (Figure 3a, p < 0.05). Additionally, ultrasonic and sonic activation induced a significant reduction compared to manual irrigation, for both apical sizes (p < 0.05). For an apical size of 35/.06, no significant differences were observed between ultrasonic and sonic groups. Conversely, for 50/.06, the ultrasonic activation induced a significantly greater reduction compared to sonic activation (p < 0.05). Furthermore, a significantly higher reduction in the metabolic activity of the biofilm was achieved in the apical size 50/.06, over the 35/.06, for both ultrasonic and sonic systems (p < 0.05). For manual irrigation, the reduction was similar for both apical sizes. Representative images of the biofilm remaining on the root canal surface after each procedure, focusing on teeth instrumented to an apical size 50/.06, are presented in Figure 3b.





4. Discussion


In contemporary endodontics, a variety of irrigation delivery and activating devices are available to improve the disinfection and debridement of the root canal system during treatment. A survey among members of the American Association of Endodontists reported that nearly half of them used these devices, with 48% using ultrasonic activation and 34% opting for sonic activation, to improve irrigation efficacy [23]. While published investigations have addressed and compared the effectiveness of ultrasonic and sonic irrigant activation against conventional manual needle irrigation, these studies focused on distinct experimental settings, neglecting the impact of the apical canal preparation size on the irrigating outcomes [7,13,14,15,16]. In this context, the present study addresses, through multiple clinically relevant parameters, the efficacy of different irrigation procedures on two apical sizes, i.e., 35/.06 and 50/.06, by conducting an ex vivo investigation in human teeth.



One of the most significant risks associated with the irrigation procedure remains the extrusion of debris and irrigant solution into the periapical region, which may cause post-operative undesirable outcomes, as periapical inflammation, postoperative pain, and, ultimately, compromise the success of root canal treatment [24,25,26]. Although all irrigation procedures have an associated risk of apical extrusion, the extension of this extrusion may differ according to the instrumentation techniques and devices employed [27,28]. In the present study, the extrusion risk with conventional needle irrigation did not appear to be influenced by the apical size. On the contrary, both ultrasonic and sonic activation procedures exhibited a higher risk of extrusion, involving both irrigant and debris, particularly within the larger apical size, i.e., 50/.06. Notably, these values tended to be higher in the ultrasonic group. These results are consistent with a previous study [27], which similarly observed a reduction in the frequency of extrusion in teeth with a lower apical preparation size (i.e., 35/.06, compared to 50/.06). Similarly, another study argues that larger apical preparations might increase the risk of canal transportation and perforation, which raises concerns in considering larger canals size preparations [18].



On the other hand, when root canal preparation was increased to a size 50/.06, a significant reduction in residual debris and smear layer was observed, in contrast to a size 35/.06, particularly after activation of the irrigant. Similarly, it has been reported that a basic preparation to a size 25/.06 produced significantly less clean root canal walls than a size 40/.04 [29]. An enlargement of the apical preparation has been advanced for improved cleaning, through better acoustic streaming and penetration of irrigants, which is a critical aspect considering that the remaining tissue and debris can negatively impact endodontic treatment. Such debris can interfere with the adhesion of root-filling materials and provide a niche and nutritional source for microorganisms, potentially contributing to the development of secondary infection [30,31]. Additionally, both sonic and ultrasonic activation procedures significantly enhanced the removal of dentin debris and smear layer, compared to conventional manual needle irrigation, regardless of the apical size. These results are in accordance with most of the literature, which advocates that irrigant activation exhibits enhanced canal debridement efficacy over the use of needle irrigation alone [7,16,32]. Comparing both activation methods, ultrasonic activation demonstrated superior debris and smear layer removal than sonic activation. The outperformance of ultrasonic activation may be justified by the higher driving frequency of ultrasound compared to that of the sonic device [9]. Theoretically, a higher frequency results in an increased flow velocity, which allows the irrigant to reach otherwise inaccessible regions inside the complex root canal system and increases the shear stress that disrupts debris [33,34]. However, it is worth noting that potent ultrasonic irrigation may also entail some limitations. It has been shown that even in noncomplicated root canal geometries, ultrasonic instruments, in the mean, come in contact with the wall during 20% of the activation time [35]. File-to-wall contact dampens the energy and constrains the file movement, which may lead to the accidental removal of small amounts of dentin, changing root canal morphology, even with a noncutting design [36]. Instead, sonic activation with soft polymer tips minimizes the risk of unintentional dentin removal and root canal alterations [37]. The resulting surface alterations may also hamper the proper adhesion of filling materials and offer favorable niches for bacterial adhesion and proliferation.



Microbial biofilms play a central role in the development of pulpal and periapical diseases and, accordingly, the reduction of the microbial load in the root canal is a major clinical aim and a relevant parameter to be evaluated in experimental studies of endodontic irrigation [38,39]. In this context, E. faecalis is the primary pathogen isolated, in part due to its ability to bind to dentin and invade dentinal tubes, where it can survive for long periods [19]. Perseverance of microorganisms within the root canal system is the major cause of post-treatment failure [40]. In the present investigation, both sonic and ultrasonic activation of the irrigant presented a significantly higher capability in the elimination of a mature biofilm of E. faecalis than manual irrigation, regardless of the apical size, which is in accordance with published data [10]. These differences may be explained by the fact that conventional irrigation provides far lower fluid dynamics compared to the investigated activation techniques [41]. For an apical size of 35/.06, antibacterial efficacy was similar for both sonic and ultrasonic activation procedures, which is in accordance with other studies [14]. However, for an apical size of 50/.06, ultrasonic activation exhibited significantly improved results, compared to sonic activation. The enhanced effectiveness of ultrasonic activation has been associated with its acoustic streaming and cavitation effects that increase shear stress and, consequently, enhances the disruption of the biofilm [14]. Overall, an improved performance in eliminating a 21-day biofilm was attained for the larger apical size for all the assayed procedures, in accordance with other studies that advocate the enlargement of the apical sizes for a more significant reduction in the root canal biomass and increased effectiveness of the irrigation procedure [12,42].



The experimental models used in this study have some limitations. The use of straight, single-rooted teeth precludes possible variations found in clinical scenarios, such as WL loss or nonstandard preparation and irrigation in curved root canals. However, this experimental system provided a standardized and reproducible setup to determine the potential relationship between root canal preparation size and irrigating procedure, through an integrative analysis of clinically relevant parameters. The next step will involve investigating the replicability of the results of the present study in multi-rooted teeth, with curved roots and/or more complex root canal anatomies.




5. Conclusions


Considering the study’s findings, the null hypothesis was rejected, and several significant conclusions emerged: (1) The employment of both sonic and ultrasonic activation techniques is associated with a higher risk of extrusion, particularly for larger apical preparation sizes; however, (2) these methods offer significantly higher efficiency in removing debris and smear layer, and (3) demonstrate a superior capacity for biofilm elimination. Notably, (4) ultrasonic activation applied to root canals at 50/.06 exhibited the best-combined outcomes across all evaluated parameters.
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Figure 1. (a) Frequency of irrigant extrusion under different root canal irrigation procedures and apical preparation sizes. (b) Extension of irrigant extrusion in positive samples, and representative images of irrigant extrusion (inset, scale bar 0.5 cm). (c) Mass of apically extruded debris under different root canal irrigation procedures and apical preparation sizes. * Significantly different between apical sizes, p < 0.05. 
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Figure 2. Representative SEM images of the root canal walls at (a) lower magnification for debris evaluation (bars 100 µm); and at (b) higher magnification for smear layer evaluation (bars 10 µm). Number of samples indexed for each score in evaluating (c) residual debris and (d) smear layer, after selected irrigation procedure, in apical sizes of 35/.06 and 50/.06. 
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Figure 3. (a) Metabolic activity of the 21-day E. faecalis biofilm after irrigation procedure, quantified by the resazurin assay. * Significantly different from the Manual, for the same apical size; ** Significantly different to the control (C), for the same apical size; # Significant differences between Ultrasonic 50/.06 and Sonic 50/.06 groups; § Significant differences between the same irrigation procedure at different apical sizes; for all p < 0.05. (b) Representative SEM images of the root canal walls after irrigation, in an apical size of 50/.06 (bars 5 µm). 
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