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Abstract

Background

One of the main challenges in endodontic retreatment is managing apical debris
extrusion, which can influence both healing and patient comfort. Different retreatment
methods result in varying levels of extrusion. This study aims to quantitatively com-
pare the extent of apical debris extrusion caused by different auxiliary techniques
during the extraction of root canal fillings in mandibular molars, to help guide the
selection of an optimal endodontic approach.

Materials and methods

Sixty mandibular molar teeth scheduled for extraction due to periodontal reasons,
such as advanced bone loss and periodontal disease, which rendered them non-
restorable, were collected. All extractions were performed with prior informed con-
sent from the patients, ensuring adherence to ethical standards. Preparation was
performed with the Protaper Next file system, focusing on X3 files according to the
manufacturer’s guidelines. Teeth were filled using the lateral compaction technique
with AH Plus sealer and stored at 100% humidity at 37°C for two weeks for the
sealant to set. The samples were divided into four groups (n=15 each): Protaper
Universal Retreatment (PTUR), Ultrasonic+PTUR, Orange Oil+PTUR, and System
B+PTUR, with PTUR procedural steps followed to attain working length. During
preparation, 15ml of distilled water was used, followed by 1 ml of distilled water for
debris collection post-procedure. The debris was incubated at 68°C for five days
to evaporate the water, and tube weights were recorded and compared statistically
across groups.
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Results

The study assessed debris extrusion during endodontic retreatment. The PTUR
group showed the least extrusion (average 1.1 mg, SD +1.05mg), indicating a more
controlled approach. The Ultrasonic+PTUR group exhibited higher extrusion (aver-
age 4.2mg, SD+£2.12mg), reflecting a more invasive technique with a greater poten-
tial for debris extrusion. The Orange Oil+PTUR group displayed moderate extrusion
levels (average 2.5mg SD £ 1.46 mg), reflecting the solvent’s effect. The System

B +PTUR group had the highest extrusion (average 4.3mg, SD +1.87 mg), indicat-
ing it as the method associated with the greatest debris displacement. Statistically
significant differences were found between the PTUR group and the other groups
(P<0.05). Additionally, a significant difference was observed between the Orange
Oil+PTUR group and both the Ultrasonic+PTUR and System B+PTUR groups
(P<0.05). No significant difference was noted between the System B+PTUR and
Ultrasonic+PTUR groups (P>0.05).

Conclusion

The study concludes that auxiliary methods used during root canal filling removal
significantly impact the degree of apical debris extrusion, with some methods leading
to greater extrusion than others.

Introduction

Nonsurgical endodontic retreatment is the primary approach for eliminating or reduc-
ing microbial infection when initial root canal therapy fails [1]. The main objective of
this procedure is to remove the root canal filling material, allowing renewed access
to the apical foramen and facilitating further cleaning, shaping, and refilling of the
root canals [2]. Research has shown that during retreatment, irritants such as filling
material residues, necrotic pulp tissue, bacteria, or irrigants may be extruded into
the periradicular tissues [3]. Clinically, these apically extruded materials have been
linked to postoperative discomfort, including inflammation, postoperative pain and
even failure of apical healing [4,5]. Multiple studies indicate that the amount of apical
debris extrusion varies based on the preparation technique and the design of root
canal instruments used [6,7].

Several techniques are commonly employed to remove root canal filling material,
including the use of solvents, heat-producing devices, hot hand instruments, mechan-
ical methods, and ultrasonic devices [8—10]. It is widely observed that manual instru-
mentation tends to result in greater apical extrusion compared to engine-driven rotary
preparation [11]. According to Huang et al. [3], the ideal retreatment technique should
aim to remove as much of the root canal filling material as possible while minimizing
apical extrusion.

However, despite the available research, there is a lack of comprehensive compar-
ative analyses examining how auxiliary techniques like ultrasonic activation, thermal
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techniques (System B), and solvents such as orange oil influence apical debris extrusion when used alongside standard
protocols like PTUR. Ultrasonic activation has been shown to enhance the removal of filling materials but may simulta-
neously increase apical extrusion due to the agitation of debris toward the apex [12]. Orange oil, as a safer alternative

to solvents like xylol, effectively softens gutta-percha but its precise role in modulating debris extrusion remains under
investigation [13]. System B is widely used in endodontic practice for the warm vertical compaction of gutta-percha due to
its ability to enhance the adaptation of filling material to the canal walls [14]. However, its impact on apical debris extru-
sion during retreatment procedures remains underexplored. By including System B in our study, we aimed to investigate
whether its thermal effects during filling removal influence the amount of apically extruded debris, thus addressing a gap in
the current literatire [15].

In endodontic procedures, the mechanical removal of root canal filling materials frequently involves chemical solvents
specifically formulated to dissolve gutta-percha and various root canal sealers [16]. Extensive research has been con-
ducted to identify effective solvents for gutta-percha removal, leading to substantial advancements in this field [17,18].
However, despite their high efficacy in dissolving gutta-percha, solvents such as xylol and chloroform pose significant
health risks, being potentially carcinogenic and neurotoxic [19]. These risks have raised concerns regarding their effects
on periapical tissues [20].

In the search for safer alternatives, orange oil has emerged as a promising solvent [21]. It has been effectively used
to dissolve zinc oxide and eugenol-based sealers. Pécora et al. [22] highlighted that orange oil can soften gutta-percha
cones during endodontic retreatment, showing results comparable to xylol while offering a safer alternative. Recent
studies confirm that orange oil demonstrates similar efficacy to chloroform in dissolving obturated materials while pre-
senting fewer health risks [13]. Derived from the peel of sweet orange (Citrus aurantium), orange oil provides an acces-
sible and efficient solution for rapid root canal opening, particularly in zinc-oxide cement root fillings, regardless of the
presence of gutta-percha cones. Its superiority over potentially toxic solvents underscores its suitability as an excellent
option for softening and dissolving gutta-percha and for use with eugenol zinc-oxide cement. The dissolution efficacy
of organic solvents like orange oil on gutta-percha further reinforces its potential as a safer alternative in endodontic
treatments [23].

Passive Ultrasonic Activation (PUA) is commonly employed as an auxiliary technique to enhance the removal of
gutta-percha and sealers from root canal systems. PUA involves the agitation or activation of a solution using ultrasound
energy without concurrent irrigation [24]. This method is particularly effective in removing hard pastes, cements, and seal-
ers such as glass ionomer cement and is frequently used during retreatment procedures [25].

In the context of gutta-percha removal, ultrasonic files activated without irrigation produce frictional heat, which plas-
ticizes gutta-percha, making it easier to remove. However, this technique has certain limitations [26]. Thermoplasticized
gutta-percha may accumulate along the canal walls, leading to significant debris [27]. Additionally, ultrasonic files are gen-
erally effective only in the straight portions of the canal. Despite these limitations, ultrasonically activated files have been
found to be an efficient method for removing the bulk of the material [26].

In many endodontically treated teeth, a post is required to improve the retention of the coronal restoration, necessi-
tating the removal of the coronal portion of the gutta-percha using thermal methods, among other techniques [28]. How-
ever, this approach carries the risk of heat conduction to the periodontal attachment unit, potentially causing permanent
damage, especially when the remaining dentin walls of the root are thin [28,29]. Although the thermal method is widely
regarded as the safest and most effective means of removing gutta-percha, it is not without risk. Excessive heat can dam-
age the dentin, cementum, periodontal ligament, and alveolar bone [30]. The transmission of heat to the surrounding tooth
structure and periodontium—particularly in cases with thin dentin walls—poses a significant concern.

Endodontic retreatment is essential when initial root canal therapy fails, with various techniques employed to remove
existing filling materials. Rotary systems, ultrasonic devices, and thermal techniques like System B are commonly used
in clinical practice. Our literature review revealed no existing studies employing System B for endodontic retreatment or

PLOS One | https://doi.org/10.1371/journal.pone.0323807 May 15, 2025 3/13




PLO\Sﬁ\\.- One

comparing it with other methods. This study is the first to evaluate System B'’s effectiveness and comparative impact on
apical extrusion [31].

We have now provided a clear justification for selecting the Protaper Universal Retreatment (PTUR) system. PTUR is
widely used in clinical practice due to its efficiency and standardized design, which ensures consistent removal of root
canal filling materials. PTUR has demonstrated superior efficiency in removing filling materials while causing minimal api-
cal debris extrusion compared to other systems [32]. Furthermore, PTUR’s reliability is supported by its lower incidence of
file fractures, making it a safer choice in clinical settings. Combining PTUR with auxiliary techniques allows for a compre-
hensive evaluation of their cumulative effects on apical debris extrusion [33]. The choice of retreatment technique signifi-
cantly influences the extent of apical debris extrusion, which is linked to postoperative discomfort and delayed healing.

This study aims to address these gaps by systematically comparing the effects of different auxiliary methods on apical
debris extrusion during root canal filling removal. By evaluating these techniques in a controlled in vitro setting, we seek
to provide clearer guidance on their relative safety and efficacy, ultimately contributing to improved clinical outcomes and
reduced postoperative complications in endodontic retreatment. Minimizing apical debris extrusion can reduce postop-
erative discomfort, inflammation, and the risk of treatment failure. By identifying auxiliary techniques that optimize debris
removal while limiting extrusion, clinicians can enhance patient outcomes and improve the overall success rates of end-
odontic retreatments.

When we look at all these results, based on present data, it was demonstrated that irrespective of the instrumentation
technique (manual or mechanical) chosen by the clinician, using auxiliary techniques during the de-obturation procedure
can create disadvantages in root canal cleaning. Applying these techniques should only be considered when the previous
working length cannot be reached [34].

We hypothesize that the use of different auxiliary methods for removing root canal filling material in the distal canals of
lower molars will lead to varying levels of apical debris extrusion. Specifically, we expect to observe significant differences
in the amount of apical extrusion between groups treated with Protaper Universal Retreatment files (PTUR), System B
combined with PTUR, Solvent (orange oil) plus PTUR, and Ultrasonic plus PTUR. Our goal is to evaluate and compare
the effectiveness of these auxiliary methods in minimizing apical debris extrusion during the root canal filling removal
process.

Materials and methods
Study design and ethical considerations

This in vitro experimental study was conducted at Ondokuz Mayis University, Faculty of Dentistry, to compare the apical
debris extrusion associated with different auxiliary techniques used during root canal filling removal. A power analysis was
performed to determine the sample size, aiming for an 80% confidence level with a 5% margin of error. Based on an effect
size of 0.324 (from Bodrumlu et al.’s study on three techniques for root canal filling removal, p=0.05), a minimum of 15
samples per group was required to achieve a power of 0.80, leading to the inclusion of 60 teeth in the study.

All teeth were extracted for periodontal reasons with prior informed consent from patients, following the Declaration of
Helsinki. Ethical approval was granted by the Clinical Research Ethics Committee of Ondokuz Mayis University (2022/61).
Written informed consent was obtained from all participants. To ensure ethical handling of biological specimens, all
extracted teeth were processed under strict biohazard disposal guidelines. The recruitment period started on March 1,
2022, and was completed on March 29, 2022.

Tooth selection and preparation

Sixty human lower molar teeth, extracted for periodontal reasons, were selected for this study. The criteria for assessing peri-
odontal disease included tooth mobility, severity of attachment loss, and radiographic bone loss greater than 50% [35]. Distal
roots were selected due to their relatively uniform canal morphology, which allows for standardization and more consistent
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comparison of debris extrusion outcomes. Teeth were examined under a 6 x magnification loupe (Orascoptic Eyezoom, Mid-
dleton, WI, USA) to exclude any with external resorption, calcifications, cracks, fractures, caries, or prior root canal treatment.
Only teeth with a single canal and a curvature <50° (determined using Schneider’s method) [22] were included.

The teeth were stored in distilled water before use. Endodontic access cavities were prepared with a high-speed car-
bide bur (Dentsply Sirona, Ballaigues, Switzerland) under water cooling. Canals with a diameter larger than I1SO size 25
were excluded. All crowns were reduced to standardize the tooth length at 13 mm. The working length (WL) was deter-
mined by inserting a #10 K-file (Dentsply Maillefer) until visible at the apical foramen, then subtracting 1 mm.

Root canal preparation and obturation

All canals were shaped using a VDW.Gold Reciproc endomotor (VDW, Munich, Germany) with ProTaper Next (Dentsply,
Ballaigues, Switzerland) X1 (17.04), X2 (25.06), and X3 (30.07) files, following the manufacturer’s instructions. After each
file, canals were irrigated with 2mL of 2.5% sodium hypochlorite (NaOCI). Final irrigation included 5mL each of 17%
EDTA, 2.5% NaOClI, and distilled water.

Canals were obturated using the lateral compaction technique with gutta-percha (Dentsply Maillefer) and AH Plus
sealer (Dentsply Sirona, Bensheim, Germany). The specimens were stored at 37°C in 100% humidity for two weeks to
allow complete sealer setting.

Debris collection setup

To collect apically extruded debris, an Eppendorf tube setup was used. A hole was made in the lid of each tube, allow-
ing the tooth to be inserted up to the cementoenamel junction. A 27-gauge needle was inserted alongside the stopper to
balance internal and external pressures. Each tube, containing the tooth and needle, was secured within a plastic cap to
blind the operator during debris collection.

To prevent leakage, the Eppendorf tube connections were sealed with cyanoacrylate adhesive. Apical pressure was
controlled by inserting a small needle through a puncture on the side of each tube, allowing excess pressure to vent. The
apical foramen was left patent, and equal irrigation flow rates were maintained across all groups. The experimental setup
is illustrated in (Fig 1).

Before retreatment, the initial weight of each tube was recorded using an analytical balance (AUW-220D, Shimadzu,
Tokyo, Japan) with a precision of 10~® g (average of three consecutive measurements).

Retreatment procedures

The teeth were randomly assigned to four experimental groups (n=15 per group). Canal patency was maintained by
passing a #10 K-file after each instrument or technique.

1. PTUR Group: Protaper Universal Retreatment (PTUR) system files (D1, D2, D3) were used to remove the filling mate-
rial, followed by ProTaper Next X4 (40.06) for additional shaping.

2. System B+PTUR Group: System B (200°C) was applied 3mm short of the WL, then PTUR files (D1, D2, D3) were
used, followed by ProTaper Next X4 (40.06).

3. Orange Oil+PTUR Group: Orange oil was applied for 1 minute before using PTUR files (D1, D2, D3), then ProTaper
Next X4 (40.06) for final shaping.

4. Ultrasonic+PTUR Group: A piezoelectric ultrasonic unit (miniMaster EMS, Nyon, Switzerland) with an E7 retreatment
tip was used before PTUR (D1, D2, D3), followed by ProTaper Next X4 (40.06).

A Zeiss EXTARO 300 dental microscope (10 x magnification, Carl Zeiss Meditec AG, Oberkochen, Germany) was used
to assess canal cleanliness.
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Fig 1. An experimental assembly engineered to quantify the volume of debris extruded apically during endodontic retreatment procedures.
(a) The Eppendorf tube was modified by creating a hole in its cap, allowing the insertion of an extracted tooth up to the cementoenamel junction. The
tapered end of the tube was left intact to serve as a collection chamber for extruded debris. (b) A 27-gauge needle was inserted through the cap along-
side the tooth to equalize internal and external pressures, preventing pressure buildup that could alter debris extrusion. The tube was then filled with
distilled water to maintain a humid environment. (¢) The modified Eppendorf tube, now containing the secured tooth and pressure-regulating needle, was
placed within a plastic cap to standardize positioning and blind the operator during debris collection. Cyanoacrylate adhesive was used to seal all con-
nections and prevent leakage. (d) A close-up view showing the insertion of the irrigation needle at the working length, demonstrating the standardized
irrigation protocol across all groups.(e) The final assembled setup, with the Eppendorf tube placed inside a collection vial to prevent external contamina-
tion and ensure precise debris quantification.

https://doi.org/10.1371/journal.pone.0323807.9001

Randomization and blinding

A double-blind design was implemented, where both the operator performing the retreatment procedures and the data
analyst measuring the debris extrusion were blinded to group allocations. This approach ensured that both the procedural
and analytical phases were free from bias.

Debris collection and statistical analysis

After debris collection, tubes were placed in an incubator at 68°C for five days to evaporate water. The incubation setup
included a calibrated laboratory oven with digital temperature controls, and temperature was monitored daily using an
external digital thermometer (+0.1°C accuracy). Any fluctuations were corrected immediately.

After incubation, the final dry weight of extruded debris was calculated by subtracting the pre-experimental weight of
the tubes. Statistical analysis was performed using SPSS 20 (Chicago, IL, USA). Normality testing was conducted before
selecting appropriate parametric or nonparametric tests (significance level p<0.05).

Results

The Shapiro-Wilk test was used to assess the normality of the data before and after square root transformation. Prior to
transformation, the data showed significant deviations from normality (p <0.05). After applying the square root transforma-
tion, the Shapiro-Wilk test results indicated no significant deviations from normality (p>0.05). This normalization justified
the use of parametric tests for subsequent statistical analyses.

Following the ANOVA, Tukey’s HSD post-hoc tests were conducted for pairwise comparisons to identify specific group
differences. Effect size calculations (n?) were also reported for all significant findings to provide a measure of practical
significance. These additions enhance the robustness and interpretability of our statistical analysis (Fig 2).

In assessing debris removal efficacy during the root canal procedures, different irrigation protocols were utilized, and
their results were quantified in terms of minimum, maximum, and mean debris weights (in units of 10“grams). For simplic-
ity, debris weights will henceforth be reported without repeating this unit.
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The quantitative comparison of debris extrusion across the various endodontic retreatment methods yielded the follow-
ing results:

* PTUR Group: This group exhibited the least amount of debris extrusion, with an average weight of 1.1mg
(SD = 1.05mg). This suggests that the PTUR method is less aggressive and provides better control over debris extrusion
compared to other methods.

 Ultrasonic+PTUR Group: A higher level of debris extrusion was observed in this group, with an average weight of
4.2mg (SD+2.12mg). This finding indicates that the combination of ultrasonic activation with PTUR may lead to
increased debris extrusion.

» Orange Oil+PTUR Group: The debris extrusion in this group was moderate, with an average weight of 2.5mg
(SD+1.46 mg). The use of orange oil as a solvent appears to have contributed to a moderate increase in debris extru-
sion compared to PTUR alone.

» System B+PTUR Group: This group exhibited the highest amount of debris extrusion, with an average weight of 4.3 mg
(SD £ 1.87 mg). These results suggest that this method is the most aggressive in terms of debris extrusion.

The statistical analysis revealed significant differences between the groups. Specifically, the PTUR group exhibited
significantly lower debris extrusion compared to the other groups (p<0.05). However, no significant difference was found
between the System B+PTUR and Ultrasonic+PTUR groups (p>0.05), indicating that these two methods produced
comparable debris extrusion levels. Additionally, the Orange Oil+PTUR group exhibited significantly different results com-
pared to the other groups (p<0.05), underscoring the distinct influence of the solvent.

10 C
9 C
8 b °
57 :
S 6
-
x
o 5
o 4 a
B °
83 .
2
1
0
PTUR Ultrasonic+PTUR Orange oil+PTUR SystemB+PTUR
Method

Fig 2. Distribution of data in different groups. (The ‘x’ mark on the graphs indicates the mean). (P<0.05).

https://doi.org/10.1371/journal.pone.0323807.9002

Table 1. Minimum and maximum values of the debris extruded apically.

Minimum m (mg) Maximum m (mg) Mean (mg)t SD (mg)
PTUR 0.1 0.35 0.11+1.05a
Ultrasonic+PTUR 0.16 0.83 0.42+2.12¢c
Orange Oil+PTUR 0.08 0.65 0.25+1.46 b
SystemB+PTUR 0.21 0.92 0.43+1.87 ¢

https://doi.org/10.1371/journal.pone.0323807.t001
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The data and group comparison details are provided in Fig 2 and Table 1, which highlight the minimum, maximum, and
mean debris weights for each group. These visual aids further clarify the distribution of debris extrusion across the differ-
ent methods and underscore the significant differences observed.

Statistically significant differences were found between groups (Fig 1). A statistically significant difference was found
between Group 1 (PTUR) and the other groups in the removal of root canal fillings. (p<0.05) No statistically significant
difference was found between Group 2: System B+PTUR and Group 4: Ultrasonic+PTUR. (p>0.05) A statistically signifi-
cant difference was found between Group 3: Solvent (orange oil) group and the other groups. (p<0.05).

These results highlight the varying effects of different endodontic retreatment methods on apical debris extrusion. The
PTUR method demonstrated the least extrusion, suggesting its suitability as a more conservative approach, while the
System B+ PTUR method showed the highest extrusion, indicating its potential for greater aggressiveness.

Discussion

Several techniques have been proposed for removing filling materials from the root canal system, including nickel-titanium
rotary instruments, heated instruments, ultrasonic instruments, lasers, and adjunctive solvents [36]. This study aimed to
evaluate the effectiveness of these techniques in minimizing apical debris extrusion, a factor closely associated with post-
operative complications such as inflammation and delayed healing [4]. Among the methods tested, the Protaper Universal
Retreatment (PTUR) system demonstrated the least amount of apical debris extrusion, making it the most conservative
option compared to other auxiliary methods, such as System B+PTUR and Ultrasonic + PTUR, which exhibited higher
debris extrusion levels [37]. These results suggest a potential clinical advantage in using rotary systems like PTUR to
reduce debris displacement during retreatment. Previous studies have shown inconsistent results regarding the effective-
ness of various retreatment techniques, highlighting the need for further research in this area [32].

Today, Nickel-Titanium (Ni-Ti) rotary instrument systems are specifically designed for retreatment procedures [38].

The PTUR file system, used in this study, includes three files (D1, D2, and D3) that effectively remove root canal fillings
without engaging the canal walls. These files, with their triangular cross-section, are well-suited for removing gutta-percha
[39]. Clinically, retreatment is often performed with files larger than the original master apical file to ensure adequate
debridement. In this study, additional instrumentation was carried out using size 40 files due to the size 30 apical diameter
in the initial preparation. To ensure accurate debris weight measurement, distilled water was used as the irrigation solution
to avoid crystallization of NaOCI, which could have influenced debris weight.

The results of this study are consistent with those of previous research, including studies by Altundasar et al. [6] and
Kogak et al. [7], which reported that rotary systems like PTUR produce less debris extrusion compared to more aggres-
sive methods. In contrast, methods such as System B+PTUR and Ultrasonic+PTUR were associated with higher debris
extrusion, a finding supported by Huang et al. [3], who demonstrated that ultrasonic activation and thermal techniques
cause greater debris movement towards the apex due to increased agitation and thermal effects. These findings align with
the literature, suggesting that the more aggressive the method, the greater the likelihood of apical debris extrusion.

The use of solvents like orange oil in this study showed moderate debris extrusion. Solvents soften the filling material,
making it more adhesive to the canal walls, potentially increasing debris retention. This observation aligns with Barreto et
al. [25], who found that solvents combined with ultrasonic activation can leave softened gutta-percha films on the canal
walls, hindering complete debris removal. According to the findings of this study, all adjunctive methods employed, except
the PTUR group, exhibited a significantly higher incidence of apically extruded debris. This phenomenon can be attributed
to previous research indicating that solvents may impede the removal of root-filling material by rendering it more viscous
and adhesive. This effect leads to softened gutta-percha films forming on the root canal surface, potentially penetrating
irregularities or dentinal tubules [40].

Multiple studies have reported that gutta-percha remnants persist in the apical third of the root canal system even after
retreatment [41,42]. Mechanical systems, even when combined with solvents, are often less effective at removing root
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canal fillings than manual methods [43]. This could be due to the softened gutta-percha film on the canal walls, which is
influenced by the mechanical motion of the files and increased temperature. Interestingly, the PTUR files used without
solvent did not exhibit the same disadvantages, suggesting that solvent use may not always be beneficial in mechanical
retreatment [25,44].

In evaluating different solvents for softening gutta-percha, Oyama et al. [23] found both xylol and orange oil to be highly
effective. This is crucial as gutta-percha, a rubber-like plastic material, requires softening for easier penetration and move-
ment of manual endodontic instruments during cement removal [13]. Despite the lack of specific standards for measuring
endodontic solvents on filling materials, experimental observations consider essential factors such as solvent effect time,
commonly used materials, temperature, and contact surface [45].

Efficiency and similarity between xylol and orange oil suggest the potential extended clinical use of the latter due to its
low toxicity [13]. However, solvents should be carefully limited to the periapical area to prevent chemical pericementitis
[46]. Therefore, cautious solvent utilization, short gauge, and active endodontic files are essential to facilitate endodontic
cement’s chemical-mechanical removal [8].

In the Ultrasonic+PTUR group, the lower extrusion levels were initially attributed to the larger diameter of the ultrasonic
tip, which limited its apical reach. However, additional factors may also have contributed to this outcome. The frequency of
ultrasonic activation likely played a role in mobilizing debris towards the apex, with higher frequencies potentially increas-
ing debris agitation. Moreover, ultrasonic energy induces cavitation and acoustic streaming, which can enhance cleaning
efficiency but may also contribute to increased apical extrusion [47]. Clinically, while ultrasonic activation is effective for
improving root canal cleanliness, it necessitates careful control of activation parameters—such as frequency and dura-
tion—to minimize apical debris extrusion and reduce the risk of postoperative complications. These insights highlight the
need for clinicians to balance the benefits of ultrasonic activation with its potential risks, thereby optimizing patient out-
comes in endodontic retreatment [48].

While our study provides valuable insights into the effects of auxiliary techniques on apical debris extrusion, there
are several avenues for future research that could further enhance our understanding of this subject. In particular, future
studies could investigate the impact of different ultrasonic tip designs, including variations in diameter, shape, and mate-
rial composition, on apical debris extrusion. These factors could significantly influence the dynamics of debris movement
within the root canal system. Additionally, exploring novel irrigation protocols, such as negative pressure irrigation systems
or the use of advanced irrigants like nanoparticle-based solutions, could provide new strategies for mitigating debris extru-
sion associated with auxiliary techniques. These investigations have the potential to offer deeper insights into optimizing
retreatment procedures and minimizing postoperative complications, thereby contributing to improved patient outcomes in
clinical practice.

From a clinical perspective, PTUR should be preferred in cases where minimizing apical debris extrusion is a priority,
such as in patients with a history of periapical inflammation or heightened sensitivity to postoperative pain [33]. In contrast,
auxiliary methods like ultrasonic activation or System B may be more suitable when thorough removal of filling materials
is critical, such as in complex retreatments with extensive canal calcifications [49]. Furthermore, the use of orange oil as
a solvent has shown potential in reducing apical debris extrusion while facilitating gutta-percha removal [50]. Clinicians
should carefully balance the risk of debris extrusion with the need for effective retreatment by selecting techniques based
on individual patient anatomy, clinical history, and the complexity of the retreatment case. Incorporating gentle irriga-
tion protocols and controlling instrument parameters can further mitigate extrusion risks while ensuring effective canal
cleaning.

Additionally, clinically relevant variables such as canal shape, curvature, and operator experience significantly impact
apical debris extrusion. More curved and complex canal anatomies pose a higher risk of debris displacement towards the
apex [51]. Operator experience also plays a crucial role, as less experienced clinicians may inadvertently apply inconsis-
tent pressure or improper techniques, leading to increased extrusion [52]. Furthermore, the type of instrumentation system

PLOS One | https://doi.org/10.1371/journal.pone.0323807 May 15, 2025 9/13




PLO\Sﬁ\\.- One

used in curved canals, such as Reciproc Blue or WaveOne Gold, has been shown to influence the extent of apical debris
extrusion [53]. Future research should focus on evaluating these factors to develop standardized protocols aimed at mini-
mizing debris extrusion while maintaining effective retreatment outcomes. This approach will help provide more personal-
ized and practical recommendations for clinicians handling various anatomical complexities and differing levels of operator
expertise.

Study limitations

This study has several limitations. Firstly, distilled water was used as an irrigant to ensure consistent debris weight mea-
surements, but this does not reflect clinical practice where NaOCI is typically used for its antimicrobial properties [54].
Future studies should evaluate how clinically relevant irrigants, such as NaOCI, impact debris extrusion [25].

Another limitation is the in vitro nature of the study, which does not fully account for clinical variables like patient vari-
ability, canal curvature, or operator skill. Abramovitz et al. [41] emphasized that in vivo studies provide more accurate
reflections of clinical outcomes, and future research should consider these variables. Additionally, this study was conducted
using mandibular molars, which may not be representative of all tooth types. Future research should explore whether simi-
lar debris extrusion patterns are observed in other tooth types, including maxillary molars, premolars, and anterior teeth.

Moreover, the restricted apical reach of the ultrasonic retreatment tip due to its larger diameter may have influenced the
amount of debris extrusion observed. The tip length and diameter could limit complete debridement in the apical region,
potentially affecting the outcomes.

Conclusion

Our study demonstrated that the Protaper Universal Retreatment (PTUR) system results in the least apical debris extru-
sion compared to auxiliary techniques such as ultrasonic activation, System B, and the use of orange oil. While auxiliary
methods enhance the removal of filling materials, they are associated with increased debris extrusion, which may lead to
postoperative complications. Clinicians should consider the balance between effective retreatment and the risk of apical
debris extrusion when selecting techniques, favoring PTUR in cases where minimizing extrusion is critical. These findings
offer practical insights for optimizing retreatment protocols and improving patient outcomes.
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