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1.INTRODUCTION                                                                                                                            

Endodontic treatment has evolved beyond simple pulp 
removal, with contemporary success primarily 

dependent on complete disinfection of the entire root  

 

canal system, including anatomically inaccessible 

regions. Systematic reviews have reported long-term 

endodontic failure rates ranging from 10% to 25%, with 
persistent intraradicular infection-rather than obturation-
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                                                                                      Abstract                                                                                                                                                                                                                         
Background: Conventional syringe irrigation of root canals is associated with inherent physical limitations, with 

irrigant penetration typically not exceeding 1–3 mm beyond the needle tip, thereby failing to adequately reach lateral 

canals and isthmuses. To overcome these limitations, three irrigation activation techniques have been widely 

introduced into clinical practice: passive ultrasonic irrigation (PUI), sonic activation, and laser-activated irrigation 
(LAI). 

Objective:To conduct a comparative critical analysis of ultrasonic, sonic, and laser-activated irrigation techniques 

with respect to key clinical outcomes, including smear layer and debris removal, antimicrobial efficacy, postoperative 
pain, apical extrusion risk, and retreatment effectiveness.                                                                                                                              

Methods: A systematic literature search was performed in PubMed/MEDLINE, Scopus, Web of Science, Cochrane 

Library, and eLibrary.ru, with emphasis on randomized controlled trials, systematic reviews, and meta-analyses 
published between 2005 and 2025. From an initial yield of 264 records, 42 studies met the inclusion criteria: 12 

randomized controlled trials, 10 systematic reviews/meta-analyses, 16 in vitro studies, and 4 expert consensus reports. 

Data were synthesized qualitatively according to irrigation activation modality and clinical outcome parameters.                                                                                                                                                                        

 Results: All three activation techniques demonstrated superior performance compared with conventional syringe 
irrigation. Ultrasonic activation exhibited the most robust clinical evidence base, particularly in terms of antimicrobial 

efficacy and periapical healing, with reported smear layer removal rates of approximately 80–95% and bacterial 

reduction of 90–99%. Sonic activation demonstrated comparable clinical effectiveness to ultrasonic systems, with a 
favorable safety profile and smear layer removal rates of approximately 75–90%. Laser-activated irrigation (including 

PIPS and SWEEPS protocols using erbium lasers) showed the highest efficacy in laboratory biofilm disruption 

(>95%) and was associated with a reduction in postoperative pain within the first 48 hours; however, its high cost and 

limited availability restrict routine clinical use.      
Conclusions:The selection of an irrigation activation technique should be individualized according to clinical 

indications and case complexity. Ultrasonic activation remains the most evidence-supported option for complex root 

canal anatomies. Sonic activation represents a practical and efficient alternative for routine clinical use and retreatment 
cases. Laser-activated irrigation may be advantageous when reduction of postoperative pain and enhanced biofilm 

disruption are primary treatment goals. A thorough understanding of activation mechanisms, comparative efficacy, 

and patient-specific factors is essential for evidence-based decision-making in endodontic irrigation protocols. 
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related factors-identified as the principal cause in most 

cases 1,2. 

The root canal system is a complex three-dimensional 

anatomical space composed of lateral canals, 
isthmuses, apical deltas, and dentinal tubules. It has 

been estimated that approximately 40–60% of canal 

wall surfaces remain untouched even after meticulous 
mechanical preparation using contemporary nickel–

titanium instrumentation systems3,4.These 

uninstrumented areas may harbor residual 
microorganisms, smear layer, and mature biofilm, all 

of which are strongly associated with persistent apical 

periodontitis. 

Conventional syringe irrigation with sodium 

hypochlorite and EDTA remains the cornerstone of 
chemical debridement; however, its effectiveness is 

limited by fundamental physical constraints. Irrigant 

penetration is typically restricted to 1–3 mm beyond 
the needle tip, while in narrow or curved canals, vapor 

lock formation in the apical region may further impede 

irrigant exchange and reduce debridement efficiency 1. 

Zehnder and Belibasakis emphasized that the lack of 
standardized and fully effective irrigation protocols 

remains an unresolved challenge in modern 

endodontics 2. 

To overcome these limitations, various irrigation 
activation techniques have been introduced. Among 

them, three approaches have gained widespread 

clinical and research attention: passive ultrasonic 

irrigation (PUI), operating at approximately 25–30 
kHz and enhancing fluid dynamics through acoustic 

streaming and cavitation; sonic activation, functioning 

at lower frequencies (1–6 kHz) and improving irrigant 
circulation with limited cavitation effects; and laser-

activated irrigation, particularly photon-induced 

photoacoustic streaming (PIPS) and shock wave–
enhanced emission photoacoustic streaming 

(SWEEPS) protocols using erbium lasers, which 

generate photoacoustic shock waves throughout the 

irrigant volume 4. 

Recent evidence supports the clinical relevance of 
these activation methods. A 2025 network meta-

analysis including 57 clinical trials and 2,595 patients 

reported that laser-activated irrigation was associated 
with reduced postoperative pain within the first 48 

hours 5. An umbrella review published in the same 

year confirmed the superior antimicrobial efficacy and 

favorable healing outcomes of ultrasonic irrigation 6. 
Additionally, recent studies have suggested that 

modern sonic systems may demonstrate comparable 

effectiveness to ultrasonic irrigation in retreatment 

cases 7. 

Despite these findings, direct comparative evidence 

across all three activation modalities using standardized 

clinical endpoints remains limited. Most existing reviews 
evaluate these techniques either in isolation or as part of 

broader irrigation categories, without focused head-to-

head comparison. 

Therefore, the objective of this review is to critically 
compare ultrasonic, sonic, and laser-activated irrigation 

systems across five clinically relevant outcomes: smear 

layer and debris removal, antimicrobial efficacy, 
postoperative pain, apical extrusion risk, and retreatment 

effectiveness. 

The novelty of this review lies in its structured three-way 

comparative approach, bridging laboratory and clinical 

evidence, and translating findings into practical, 
evidence-based recommendations for specific clinical 

scenarios. 

2. MATERIALS AND METHODS 

2.1 Study Design 

This study was designed as a comparative literature 

review incorporating elements of a systematic search 

methodology. The review was conducted and reported in 
accordance with the PRISMA 2020 guidelines, 

particularly with respect to transparent reporting of the 

search strategy, study selection process, and eligibility 

criteria 8. 

A narrative synthesis approach was adopted due to 

substantial heterogeneity among the included studies in 

terms of study design, experimental models, irrigation 

activation parameters, and outcome assessment methods, 

which precluded quantitative meta-analysis. 

2.2 Search Strategy 

A comprehensive electronic literature search was 

performed in PubMed/MEDLINE, Scopus, Web of 

Science, Cochrane Library, and eLibrary.ru databases. 
The search covered publications from January 2005 to 

March 2025, with emphasis placed on high-level evidence 

published between 2020 and 2025. The search strategy 

combined Medical Subject Headings (MeSH) terms and 
free-text keywords, including: "passive ultrasonic 

irrigation" , "endodontics"; "sonic irrigation activation" , 

"root canal"; "laser activated irrigation","endodontics"; 
"photoacoustic irrigation","root canal"; "erbium 

laser","endodontic irrigation"; "PUI vs sonic","smear 

layer";"irrigation activation","postoperativepain"; 
"retreatment" ,"irrigation activation". Reference lists of 

included studies were also screened to identify additional 

relevant publications.  
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2.3 Eligibility Criteria 

Studies were selected based on predefined inclusion 

and exclusion criteria. 

Inclusion criteria: 

 Systematic reviews, meta-analyses, and 

randomized controlled trials evaluating the 
clinical efficacy of ultrasonic, sonic, or laser-

activated irrigation  

 In vitro studies conducted on standardized 
experimental models with validated 

assessment methods (e.g., SEM, bacterial 

culture, confocal laser scanning microscopy, 

micro-CT)  
 Studies including a control group 

(conventional syringe irrigation or alternative 

activation technique)  

 Full-text articles available in English  

Exclusion criteria: 

 Studies lacking standardized apical 

preparation parameters  

 Use of non-conventional or experimental 

irrigants not representative of clinical practice  
 Duplicate publications  

 Conference abstracts, case reports, and non-

peer-reviewed sources  

2.4 Study Selection  

The initial search yielded 264 records. After removal 
of duplicates and screening of titles and abstracts, 87 

articles were selected for full-text assessment. 

Following application of the predefined eligibility 

criteria, a total of 42 studies were identified as eligible 

and included in the qualitative synthesis. 

The included studies comprised: 

• 12 randomized controlled trials 

• 10 systematic reviews and meta-analyses 
• 16 in vitro studies 

• 4 expert consensus documents 

2.5 Data Extraction and Synthesis 

Data extraction was performed using a structured and 

standardized framework. Extracted data included 

study design, type of irrigation activation method, 
evaluation techniques, and reported outcome 

measures. 

Data were synthesized qualitatively and organized 

along two principal axes: 

1. Type of irrigation activation technology 

(ultrasonic, sonic, laser)  

2. Clinical outcome measures  

The following endpoints were analyzed: 
• Smear layer and debris removal 

• Antimicrobial efficacy 

• Postoperative pain 
• Apical extrusion risk 

• Retreatment effectiveness 

A hierarchical approach to evidence interpretation was 

applied: 

• High-level evidence: systematic reviews and meta-
analyses of randomized controlled trials 

• Moderate-level evidence: individual randomized 

controlled trials 

• Supportive evidence: laboratory (in vitro) studies 

The synthesis emphasized the identification of 

consistencies and discrepancies between laboratory 

findings and clinical outcomes across the three activation 

modalities. 

2.6 Risk of Bias Assessment 

The methodological quality and risk of bias of the 
included studies were assessed using a design-specific 

approach in accordance with established evidence 

appraisal frameworks. For randomized controlled trials, 
the revised Cochrane Risk of Bias tool (RoB2) was 

applied, evaluating bias across the following domains: 

randomization process, deviations from intended 
interventions, missing outcome data, outcome 

measurement, and selection of reported results. 

Systematic reviews and meta-analyses were assessed 

using the ROBIS (Risk of Bias in Systematic Reviews) 
tool, focusing on study eligibility criteria, identification 

and selection of studies, data collection and appraisal, and 

synthesis of findings. In vitro studies were evaluated 
using adapted methodological quality criteria, including 

sample standardization, reproducibility of experimental 

conditions, validity of outcome measurement techniques 

(e.g., SEM, confocal microscopy), and appropriateness of 
statistical analysis. Although no universally accepted risk 

of bias tool exists for laboratory studies, efforts were 

made to assess internal validity and methodological 
transparency. Overall, most systematic reviews and 

randomized controlled trials demonstrated low risk of 

bias, particularly in domains related to outcome 
assessment and reporting. Moderate risk of bias was 

identified in several studies due to limitations in 

allocation concealment, blinding procedures, or 

heterogeneity in outcome definitions. Laboratory studies 
exhibited variable methodological quality, primarily due 

to differences in experimental design, irrigation protocols, 

and evaluation criteria. The results of the risk of bias 
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assessment were incorporated into the evidence 

synthesis, with greater emphasis placed on findings 

derived from studies with lower risk of bias and higher 

levels of evidence. 

3. RESULTS 

3.1 Study Selection and Characteristics 

  The initial database search identified 264 records. 

After removal of duplicates and screening of titles and 

abstracts, 87 articles were assessed for full-text 
eligibility. Following application of predefined 

inclusion and exclusion criteria, 42 studies were included 

in the qualitative synthesis (figure 1).  

     The final dataset comprised: 

 12 randomized controlled trials (RCTs)  

 10 systematic reviews and meta-analyses  
 16 in vitro / ex vivo studies  

 4 expert consensus statements  

 

        

                                                                   

                             Figure 1. PRISMA 2020 flow diagram of study selection process  

 

The characteristics of included studies and distribution of outcomes are summarized in Table 1 and Table 2. Overall, the 
most frequently assessed outcomes included smear layer removal, antimicrobial efficacy, postoperative pain, and 

retreatment effectiveness, reflecting a balanced evaluation of both laboratory-based and clinically relevant endpoints. 
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Table 1. Characteristics of Included Studies  

Study Type Number Design / Model Techniques Compared Primary Outcomes 
Evidence 

Level 

RCTs 12 
Clinical in vivo 
studies 

PUI vs Sonic vs Syringe; 
Laser vs PUI/Sonic 

Postoperative pain, 

microbial reduction, 

healing 

High 

Systematic 

Reviews & Meta-
Analyses 

10 Evidence synthesis All activation systems 

Smear layer, 

antimicrobial efficacy, 
pain, retreatment 

Very high 

In vitro / ex vivo 

studies 
16 

Extracted teeth, 

biofilm models 

PUI, Sonic, Laser 

(PIPS/SWEEPS) 

Smear layer, tubule 
penetration, biofilm 

disruption 

Moderate 

Expert Consensus 4 
Clinical 

recommendations 

Activation systems 

comparison 
Clinical indications 

Low–

moderate 

 

Table 2. Data Synthesis Framework 

Axis of Analysis Categories 

Activation Technology 
Passive ultrasonic irrigation (PUI), Sonic activation, Laser-activated irrigation 
(PIPS/SWEEPS) 

Clinical Outcome 
Measures 

Smear layer removal, antimicrobial efficacy, postoperative pain, apical extrusion risk, 
retreatment efficacy 

Evidence Hierarchy 

Applied 

1. Systematic reviews & meta-analyses (highest level)  
2. RCTs (moderate level)  

3. Laboratory studies (supportive level)  

4. Expert consensus (clinical guidance only) 

 

3.2 Mechanisms of Irrigation Activation 

Ultrasonic activation operates at 25–30 kHz, generating acoustic streaming and cavitation effects that enhance irrigant 
penetration and disrupt biofilm structure 9. Cavitation represents the primary mechanism distinguishing ultrasonic from 

sonic systems. 

Sonic activation operates at 1–6 kHz and primarily produces hydrodynamic turbulence with minimal cavitation. The use 

of flexible or elastic tips reduces dentin wall contact, contributing to improved safety and reduced risk of procedural 

errors 7,8. 

Laser-activated irrigation (PIPS/SWEEPS) utilizes an Er:YAG laser (2.94 μm) to generate photoacoustic shock waves 

via rapid vapor bubble expansion, resulting in three-dimensional irrigant movement throughout the root canal system 4. 

3.3 Smear Layer and Debris Removal 

All activation techniques demonstrated improved performance compared to conventional syringe irrigation. Ultrasonic 

activation achieved smear layer removal rates of approximately 68–84% in the apical third, primarily attributed to 

cavitation and acoustic streaming effects 8,10.  

Sonic activation showed comparable performance (75–90%) in several studies, with no statistically significant 

differences compared to ultrasonic systems in selected experimental conditions (p > 0.05) 11. Laser activation 
demonstrated numerically higher smear layer removal efficiency in in vitro studies (88–96%), along with deeper dentinal 

tubule penetration reported up to 1000 μm 9,12. However, these findings are predominantly derived from laboratory 

settings. 
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3.4 Antimicrobial Efficacy 

Ultrasonic activation is supported by the most consistent body of clinical evidence, demonstrating microbial reduction 

rates ranging from 90% to 99%, as reported in umbrella reviews and controlled trials 6. Sonic activation demonstrates 

comparable antimicrobial efficacy to ultrasonic systems in clinical studies, with no statistically significant differences 
in biofilm reduction observed in multiple investigations 3. Laser activation shows high antimicrobial effectiveness in 

laboratory conditions, with reported reductions of up to 99.7% for E. faecalis. Nevertheless, clinical validation remains 

limited and requires further high-quality randomized trials 13. 

3.5 Postoperative Pain 

A 2025 network meta-analysis including 57 trials and 2,595 patients demonstrated the following trends: 
• Laser activation was associated with lower postoperative pain levels within 24–48 hours 

• Ultrasonic and sonic activation showed comparable outcomes 

• Both activation methods were superior to conventional syringe irrigation 10. 

3.6 Apical Extrusion Risk 

Ultrasonic activation presents a moderate risk of apical extrusion, particularly when irrigation parameters are not 

carefully controlled. Sonic systems demonstrate a lower risk profile, largely due to elastic tip deformation upon apical 
contact, which limits irrigant extrusion beyond the apex 15. Laser activation shows low extrusion risk when used under 

subablative protocols; however, outcomes remain technique-sensitive and dependent on operator experience. 

3.7 Retreatment Efficacy 

Sonic and ultrasonic activation systems demonstrate comparable effectiveness in the removal of obturation materials 

during retreatment procedures. Sonic activation may offer improved handling characteristics in certain clinical scenarios 
12. Laser activation currently lacks sufficient high-level clinical evidence to support its routine use in retreatment 

applications. 

Table 3. Distribution of Outcomes Across Studies 

Outcome Studies Methods Tools 

Smear layer removal 24 In vitro SEM 

Antimicrobial efficacy 21 RCT + in vitro CFU, CLSM 

Postoperative pain 14 RCT VAS 

Apical extrusion risk 9 In vitro Dye leakage 

Retreatment efficacy 8 Mixed Quantitative analysis 

   

Table 4. Irrigation Activation Technologies 

Technology Frequency / Mechanism Systems Studies Evidence Type 

PUI 25–30 kHz cavitation Irrisafe, Ultra X 30+ Clinical dominant 

Sonic 1–6 kHz hydrodynamics EndoActivator, EDDY 22+ Mixed 

Laser 

(PIPS/SWEEPS) 
Er:YAG photoacoustic Fotona systems 18+ Mostly laboratory 

3.8 Comparative Summary and Integrated Findings 

The comparative performance of irrigation systems is summarized in Table 5 using a semi-quantitative scale (+++, ++, 

+), reflecting relative trends across included studies rather than absolute effect sizes. 
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Table 5. Comparative Efficacy of Irrigation Systems 

Outcome Ultrasonic (PUI) Sonic Activation 
Laser 

(PIPS/SWEEPS) 

Smear layer removal ++ (70–85%) ++ (75–90%) +++ (88–96%) 

Debris removal ++ ++ +++ 

Antimicrobial efficacy ++ to +++ ++ +++ 

Biofilm disruption ++ ++ +++ 

Postoperative pain ++ ++ +++ 

Apical extrusion risk ++ +++ ++ 

Retreatment efficacy ++ ++ to +++ + 

Evidence level +++ ++ + 

Overall, all three irrigation activation modalities demonstrate improved outcomes compared to conventional syringe 

irrigation across multiple parameters, supporting their role in contemporary endodontic disinfection protocols 4,6. 

However, differences in evidence level and clinical validation should be considered when interpreting these findings. 

3.9 Risk of Bias Assessment 

The risk of bias was evaluated across randomized controlled trials using the Cochrane Risk of Bias 2.0 tool, while 

observational and in vitro studies were assessed using domain-based methodological quality frameworks. 

Overall, the included studies demonstrated a low-to-moderate risk of bias, with variability depending on study design 

and methodology. 

• Randomized controlled trials (RCTs): 

Most RCTs demonstrated low risk of bias in random sequence generation and outcome reporting. However, some 

concerns were identified regarding allocation concealment and operator blinding, which are inherently challenging in 

endodontic intervention studies. 

• Systematic reviews and meta-analyses: 

These studies generally demonstrated low risk of bias in search strategy and study selection. However, heterogeneity 

among included primary studies introduced moderate indirectness and variability in pooled outcomes. 

• In vitro / ex vivo studies: 

These studies exhibited moderate risk of bias, primarily due to lack of standardization in canal anatomy simulation, 

variability in irrigation protocols, and limited blinding of outcome assessment methods such as SEM analysis. 

• Expert consensus statements: 

These were associated with moderate to high risk of bias due to the absence of systematic methodology and reliance 

on expert opinion rather than empirical data. 

Common sources of bias across studies included: 
• heterogeneity in irrigation protocols and activation time 

• variability in outcome measurement techniques (SEM, CFU, CLSM) 

• differences in operator experience 

• limited long-term clinical follow-up in RCTs 

Despite these limitations, the overall body of evidence was considered sufficiently consistent to support comparative 

conclusions, particularly for smear layer removal and antimicrobial efficacy outcomes. 
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Clinical Summary (figure 2). 

• Ultrasonic irrigation (PUI) → most appropriate for complex anatomy and enhanced disinfection requirements 

• Sonic activation → suitable for routine clinical use with a favorable safety profile and cost-effectiveness 

• Laser activation (PIPS/SWEEPS) → associated with reduced postoperative pain and enhanced biofilm disruption in 

laboratory settings, although its clinical application is limited by cost and the relative scarcity of high-level evidence 

 

                     Figure 2. Clinical Decision-Making Algorithm for Irrigation Activation  
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4. DISCUSSION 

4.1 Principal Findings 

The present review synthesized evidence from 42 

studies to provide a comprehensive comparative 

evaluation of irrigation activation techniques in 
endodontic treatment. The findings indicate that all 

activation modalities-passive ultrasonic irrigation 

(PUI), sonic activation, and laser-activated irrigation 
(PIPS/SWEEPS)-demonstrate improved performance 

compared to conventional syringe irrigation across 

key outcomes, including smear layer removal, 

antimicrobial efficacy, and postoperative pain 
4,6,8,10,11,15-23. 

Ultrasonic activation appears to be supported by the 

most consistent body of clinical evidence, particularly 

in relation to antimicrobial efficacy and overall 
disinfection 6,11,15-31. Sonic activation demonstrates 

comparable effectiveness in multiple clinical and 

laboratory settings, with a favorable safety profile 7,12. 
Laser activation shows promising results in laboratory 

studies, particularly in smear layer removal and 

biofilm disruption; however, its clinical validation 

remains comparatively limited 9,11,13-32-42. 

These findings suggest that while all activation 
systems contribute to enhanced irrigation 

effectiveness, their relative advantages depend on 

clinical context, level of evidence, and practical 

considerations. 

4.2 Interpretation of Findings 

The improved performance of activation systems can 
be explained by their distinct physical mechanisms. 

Ultrasonic irrigation generates cavitation and acoustic 

streaming, which enhance fluid dynamics and biofilm 
disruption14,15. Sonic activation relies on 

hydrodynamic agitation, producing effective irrigant 

movement with reduced mechanical stress on canal 
walls7,12. Laser-activated irrigation produces 

photoacoustic shock waves, resulting in complex 

three-dimensional fluid movement within the canal 

system 9. 

The superior laboratory performance of laser systems, 
particularly in smear layer removal and microbial 

reduction, should be interpreted with caution. Many of 

these findings are derived from in vitro models, which 
may not fully replicate the anatomical and biological 

complexity of clinical conditions 9,11. In contrast, 

ultrasonic systems benefit from a larger body of 

clinical evidence, supporting their reliability in routine 

practice 6,15. 

Sonic activation, while sometimes perceived as less 

powerful in terms of physical energy, demonstrates 

consistent and comparable outcomes in several studies. Its 
safety profile and ease of use may explain its widespread 

clinical applicability 7,12. 

4.3 Comparison with Existing Literature 

The findings of this review are consistent with previous 

systematic reviews and umbrella analyses, which report 
that activation techniques significantly enhance irrigation 

efficacy compared to conventional syringe methods 11,15. 

Earlier studies have emphasized the role of ultrasonic 

activation as a reference standard, particularly in terms of 

antimicrobial effectiveness and biofilm disruption 6,14. 

Recent literature has increasingly focused on laser-

activated irrigation, highlighting its potential advantages 

in fluid dynamics and penetration depth. However, 
systematic reviews also consistently note the limited 

number of high-quality randomized clinical trials 

evaluating laser systems, which restricts the strength of 

clinical recommendations 11,13,33-38. 

Similarly, sonic activation systems have been shown in 
prior studies to provide comparable outcomes to 

ultrasonic systems in certain parameters, particularly 

when standardized protocols are applied 7,12.23-31. This 
supports the findings of the present analysis, which did 

not identify consistent statistically significant differences 

between these modalities in clinical outcomes. 

4.4 Clinical Implications 

From a clinical perspective, the selection of an irrigation 

activation technique should be guided by a combination 
of evidence level, treatment objectives, anatomical 

complexity, and practical considerations 4,6,10. 

Ultrasonic activation appears to be a reliable choice for 

cases requiring enhanced disinfection, particularly in 
anatomically complex root canal systems 6,15. Sonic 

activation offers a balanced approach, combining 

effectiveness with safety and ease of use, making it 
suitable for routine clinical applications 7,12.23-31. Laser-

activated irrigation may provide additional benefits in 

specific scenarios, such as postoperative pain reduction 

and enhanced biofilm disruption, although its routine use 
is currently limited by cost, equipment requirements, and 

the relative lack of high-level clinical evidence 10,11,13,32-42. 

Importantly, the findings suggest that no single activation 

method can be universally considered superior across all 
clinical outcomes. Instead, these technologies should be 

viewed as complementary tools within a comprehensive 

endodontic treatment strategy. 
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4.5 Strengths of the Review 

This review has several strengths. It incorporates a 

broad range of study designs, including randomized 

controlled trials, systematic reviews, and laboratory 
studies, allowing for a comprehensive evaluation of 

available evidence 11,13,15. The use of a structured data 

synthesis framework enabled consistent comparison 
across different activation modalities. Additionally, 

the inclusion of both clinical and laboratory outcomes 

provides a more complete understanding of the 
mechanisms and effectiveness of irrigation systems. 

The application of an evidence hierarchy further 

supports the interpretation of findings based on 

methodological strength 11,15. 

4.6 Limitations 

Several limitations should be considered when 

interpreting the results of this review. 

First, heterogeneity across included studies was 

substantial, particularly in terms of irrigation 

protocols, activation duration, irrigant type, and 

outcome assessment methods. This variability limits 
the ability to perform direct quantitative comparisons. 

Second, a significant proportion of the evidence—

particularly for laser activation—originates from in 
vitro studies, which may not fully reflect clinical 

conditions. Differences in canal anatomy, biofilm 

composition, and host response are difficult to 
replicate in laboratory settings. Third, blinding of 

operators and outcome assessors was not consistently 

reported in clinical studies, introducing potential 

performance and detection bias. Fourth, long-term 
clinical outcomes, such as healing rates and treatment 

success over extended follow-up periods, were 

insufficiently reported in several studies. Finally, 
publication bias cannot be excluded, as studies 

reporting positive outcomes may be more likely to be 

published. 

4.7 Future Research Directions 

Future research should focus on well-designed 

randomized controlled trials directly comparing 
activation systems using standardized protocols. 

Particular emphasis should be placed on: 

 long-term clinical outcomes, including 

healing and success rates  
 standardized outcome measures for smear 

layer removal and antimicrobial efficacy  

 evaluation of cost-effectiveness and clinical 

feasibility  
 direct comparison of laser systems with 

established techniques in clinical settings  

Additionally, improved standardization of in vitro models 

would enhance the comparability and translational value 

of laboratory findings. 

CONCLUSIONS 

Within the limitations of the available evidence, irrigation 
activation techniques significantly enhance the 

effectiveness of root canal disinfection compared to 

conventional syringe irrigation. Ultrasonic activation is 
supported by the most consistent clinical evidence, while 

sonic activation provides comparable outcomes with a 

favorable safety profile. Laser-activated irrigation 

demonstrates promising results, particularly in laboratory 
settings, but requires further high-quality clinical 

validation. Overall, the choice of activation technique 

should be individualized based on clinical requirements, 
available evidence, and practical considerations, rather 

than reliance on a single modality as universally superior. 
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