
INTRODUCTION
The successful removal of microorganisms, tissue residues, 
and biofilms of the root canal system is an anatomically 
complicated and usually inaccessible structure that cannot 
be addressed solely by mechanical devices (Haapasalo et 
al., 2010). Irrigation, in turn, is an essential action in the 
supplementation of mechanical instrumentation, which 
helps to raise organic tissue in solution, destroy micro-
colonies, eliminate the debris, and neutralize endotoxins 
(van der Sluis et al., 2016; Bukhari and Babaeer, 2019).

The fluid behavior determines the dynamics of 
irrigation in the restricted geometry of the root canal system. 
Parameters such as irrigant flow, penetration depth, canal 
morphology, and delivery technique influence the efficacy 
of disinfection (Tay, 2014; Park, Shen, & Haapasalo, 2012). 
The traditional syringe irrigation is not without limitations 
since it cannot access areas of anatomical difficulties 
like lateral canals, isthmuses, and apical ramifications 
(Albuquerque et al., 2014; Chen et al., 2014). Consequently, 
many irrigation activation systems have been invented in 
order to improve the exchange and penetration of irrigant, 
such as sonic, ultrasonic, apical negative pressure, and 
laser-assisted technologies (de Gregorio et al., 2010; Caron 

et al., 2010; Susila and Minu, 2019).
The changes in technological solutions have 

transformed the nature of endodontic practice, providing 
better techniques of irrigant delivery and innovative 
activation techniques in a bid to address the limitations 
of the traditional methods (Mortman, 2011; Naik et al., 
2016). The computational fluid dynamics (CFD) research 
has helped to gain more knowledge into the flow pattern of 
irrigants, which has affirmed the importance of positive and 
negative pressure systems in maximizing the efficiency of 
irrigation, especially in curved and anatomically variable 
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ABSTRACT
Irrigation has always been a pillar of effective endodontic therapy, as it can be used to guarantee the elimination of 
microbes, dissolution of tissue, and removal of debris in the intricate root canal system. Canal anatomy, the properties 
of the irrigant and modes of delivery affect the irrigation dynamics. New developments such as ultrasonic and sonic 
activation, laser-assisted systems and new irrigants have played a huge role in enhancing penetration of irrigant and 
disruption of biofilm. Nevertheless, obstacles remain in the realization of comprehensive disinfection of anatomically 
complex areas without increasing the risk of extrusion of the irrigant and cytotoxicity. Optimized irrigation protocols 
have a direct clinical clinical effect on the treatment, healing and prognosis in the long term. It is in the current state of 
evidence-based practice, and because of ongoing advances, challenges, and their clinical relevance, this review shows 
that the changing nature of endodontic irrigation still requires evidence-based strategies and ongoing innovation.
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Irrigant extrusion; Clinical outcomes.
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canals (Chen et al., 2014; Loroño et al., 2020). However, 
such complications as irrigant extrusion, cytotoxicity, and 
procedural accidents are still issues in clinical practice, 
which makes it necessary to consider evidence-based 
procedures balancing effectiveness with safety (Glassman, 
2015; Gluskin, Peters, and Peters, 2014).

Minimally invasive and regenerative endodontics, 
in turn, has introduced a fresh approaches to the field of 
irrigation where clinicians attempts to preserve the tooth 
structure, yet provide sufficient canal disinfection (Bansal, 
Jain, & Mittal, 2015; Gluskin, Peters, and Peters, 2014). 
Studies are ongoing to develop new irrigants, more active 
tools, as well as, unified clinical protocols to achieve the 
optimum use of antimicrobials and the mitigation of risks 
(Shen et al., 2012).
In this review, the changing dynamics of irrigation 
in endodontics, with references to the current 
developments in the field of irrigant activation 
and delivery, challenging issues, and their clinical 
effects are discussed, as well as their impact on 
predictable success of the treatment.
Irrigation Dynamics
Efficient irrigation is the key to effective 
endodontic treatment as it predetermines the 
presence of microbial reduction, removal of 
debris, and dissolution of tissue in the root canal 
system. In contrast to mechanical instrumentation, 
which is the main factor that defines the canal, 
irrigation explores areas that cannot be reached, 
including lateral canals, isthmuses, and dentinal 
tubules (Haapasalo et al., 2010). The dynamics of 
irrigation irrigant fluids in the intricate root canal 
system are defined under the term of irrigation 
dynamics, under the control of fluid mechanics, 
canal anatomy, delivery methods, and activation 
techniques (Tay, 2014; Chen et al., 2014).
Fluid Flow and Canal Anatomy
Canal anatomy has a strong impact on the dynamics of 
irrigation. Curved, narrow or oval-shaped canals cause 
the restriction of the free flow of irrigants and form 
stagnation areas where dirt and microorganisms can remain 
(Albuquerque et al., 2014). Apical diameter, canon taper, 
and ramifications presence are among the factors that have 
a considerable impact on fluid exchange in the apical third 

(Park et al., 2012). One of the primary shortcomings of the 
traditional irrigation methods is insufficient penetration of 
irrigants into the areas.

Irrigant Delivery and Pressure Systems
Syringe-based positive pressure delivery is the most 
prevalent clinical practice, but it is not the most useful 
method of apical irrigant replacement and can potentially 
cause extrusion into periapical tissues (Glassman, 2015). 
Innovations like the apical negative pressure system 
(e.g., EndoVac) enhanced the exchange of irrigation and 
minimized the risk of extrusion (Loroño et al., 2020). An 
examination of computational fluid dynamics revealed 
that negative pressure systems are more efficient at apical 
cleaning than traditional syringe irrigation (Chen et al., 
2014).

Irrigant Activation and Flow Enhancement
Sonic, ultrasonic, and laser-assisted irrigation methods 
improve the streaming of irrigants, cavitation and acoustic 
microstreaming, which results in increased removal of the 
smear layer and penetration of sodium hypochlorite in the 
dentinal tubules (van der Sluis et al., 2016; Caron et al., 
2010). In its specific case, passive ultrasonic irrigation 
stimulates dynamism and shear stress on the walls of the 
canals and thereby provides an effective debridement (de 
Gregorio et al., 2010).

Interactions with Irrigant Properties
Dynamics of irrigation via physicochemical properties 
of the irrigants such as viscosity, surface tension and 
tissue-dissolving properties also dictate physicochemical 
properties of the irrigant used (Haapasalo et al., 2010). 
As an example, sodium hypochlorite dissolves well, has 
great antimicrobial activity, and poor penetration owing to 
its surface tension whereas EDTA can effectively remove 
the smear layer by chelating dentin minerals (Bukhari 
and Babaeer, 2019). Clinical performance is thus heavily 
dependent on the interaction between the dynamics of 
irrigant delivery and irrigant chemistry.

Clinical Implications
Understanding irrigation dynamics is critical for optimizing 
endodontic protocols. Evidence shows that activation-
based irrigation achieves superior canal disinfection and 
smear layer removal compared to non-activated methods 
(Susila & Minu, 2019). Nevertheless, clinician awareness 
of pressure systems, anatomy-related limitations, and the 
physicochemical behavior of irrigants remains essential for 
reducing complications and improving treatment outcomes 
(Gluskin et al., 2014; Bansal et al., 2015).
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Table 1. Comparative Overview of Irrigation Dynamics in Different Systems

Irrigation Approach Flow Characteristics Advantages Limitations
Conventional Positive 
Pressure (Syringe & 
Needle)

Limited apical 
penetration; laminar flow

Simple, inexpensive, 
widely used

Risk of extrusion; 
stagnation zones; 
incomplete apical cleaning

Apical Negative Pressure 
(e.g., EndoVac)

Continuous irrigant 
replacement at apex

Improved safety, better 
apical debridement

Requires special 
equipment

Passive Ultrasonic 
Irrigation (PUI)

Acoustic streaming and 
cavitation

Effective smear layer 
removal; enhanced 
penetration

Technique sensitive; 
possible instrument 
fracture

Sonic Irrigation 
(EndoActivator)

Low-frequency agitation Improved irrigant 
circulation; safe

Less powerful than 
ultrasonic

Laser-Activated Irrigation Photoacoustic streaming; 
shock waves

Strong cavitation; 
enhanced biofilm 
disruption

Costly; learning curve

Advances in Irrigation Techniques
Over the past decade, irrigation methods in endodontics 
have advanced significantly, aiming to enhance irrigant 
penetration, biofilm disruption, and tissue dissolution 
within the complex root canal system. Conventional 
needle irrigation is limited in reaching apical and lateral 
extensions; therefore, innovative activation methods have 
been developed (Haapasalo et al., 2010; Park, Shen, & 
Haapasalo, 2012).
Ultrasonic and sonic activation have been shown to improve 
fluid dynamics and irrigant replacement, allowing better 
debris and smear layer removal (Caron et al., 2010; van 
der Sluis et al., 2016). Similarly, apical negative pressure 
systems enhance irrigant flow toward the working length 
while minimizing the risk of extrusion (Chen et al., 2014; 
Loroño et al., 2020). Laser-assisted irrigation, particularly 
using photon-induced photoacoustic streaming (PIPS), 
has further expanded the ability to disinfect complex canal 
anatomies (Mortman, 2011; Naik et al., 2016).
Recent research also highlights the effectiveness of novel 
irrigant activation protocols, such as multisonic approaches 
and advanced computationally guided systems, which 
maximize irrigant delivery and safety (Susila & Minu, 
2019; Shen et al., 2012). These advances, combined with 
ongoing exploration of irrigant solutions with improved 
antimicrobial and biocompatible properties, represent 
critical steps toward more predictable outcomes in 
endodontics (Gluskin, Peters, & Peters, 2014).

CHALLENGES AND LIMITATIONS
Despite significant advancements in irrigation 
techniques, several challenges limit the complete 
effectiveness of endodontic irrigation. These 
limitations are rooted in anatomical complexity, 
fluid dynamics, safety concerns, and clinical 
adaptability.
Anatomical Complexity
The intricate structure of the root canal system, including 
fins, isthmuses, lateral canals, and apical ramifications, 
restricts irrigant penetration and reduces disinfection 
efficacy (Albuquerque et al., 2014). Conventional irrigation 
often fails to reach these regions, leaving residual microbial 
biofilms that may compromise long-term treatment 
outcomes.

Irrigant Penetration and Fluid Dynamics
Effective irrigant delivery and activation are highly 
dependent on fluid dynamics within the canal. Positive 
pressure irrigation systems have limited ability to reach 
the apical third and may contribute to vapor lock, while 
computational and experimental models confirm suboptimal 
irrigant flow in complex canals (Tay, 2014; Chen et al., 
2014; Loroño et al., 2020). Even advanced activation 
methods such as ultrasonic or sonic systems face challenges 
in consistently achieving optimal flow in narrow or curved 
canals (Caron et al., 2010).
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Fig 1: The bar chart shows irrigant penetration depth and smear layer removal effectiveness across different irrigation techniques.

Safety Concerns: Irrigant Extrusion and Cytotoxicity
Sodium hypochlorite (NaOCl), the most widely used 
irrigant, poses risks of extrusion beyond the apical foramen, 
leading to severe complications such as pain, swelling, or 
tissue necrosis (Glassman, 2015). Balancing antimicrobial 
efficacy with biocompatibility remains a persistent 
limitation (Haapasalo et al., 2010). Negative pressure 
systems reduce this risk but require additional equipment 
and training (Park et al., 2012).

Smear Layer Removal and Chemical Limitations
While chelating agents such as EDTA assist in smear 
layer removal, their prolonged use may weaken dentin 
and alter structural integrity (Bukhari & Babaeer, 2019). 

Furthermore, alternating or combining solutions often 
increases complexity, cost, and chairside time (van der 
Sluis et al., 2016).

Clinical and Technological Limitations
Despite innovations such as laser-assisted irrigation and 
apical negative pressure, cost, equipment sensitivity, and 
operator skill remain barriers to widespread adoption 
(Mortman, 2011; Naik et al., 2016). Minimally invasive 
endodontic approaches also challenge irrigant exchange 
efficiency due to restricted access (Gluskin et al., 2014).

Irrigation in Endodontics
In summary, irrigation in endodontics continues to face 

Table 2. Key Challenges and Limitations of

Challenge Underlying Cause Clinical Implication
Anatomical complexity Fins, isthmuses, lateral canals Residual infection risk
Limited irrigant penetration Positive pressure inefficiency, vapor 

lock
Reduced disinfection in apical third

Risk of extrusion High-pressure NaOCl delivery Tissue necrosis, swelling
Chemical limitations Positive pressure inefficiency, vapor 

lock
Weakening of dentin

Clinical barriers Cost, training, minimally invasive 
access

Limited clinical adoption
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Table 3: Comparison of Irrigation Techniques and Clinical Outcomes

Irrigation Method Penetration Depth Smear Layer 
Removal

Risk of Extrusion Clinical Success

Conventional 
Syringe

Moderate Low High Moderate

Passive Ultrasonic High High Moderate High

Apical Negative 
Pressure

High Moderate Low High

Laser-assisted Very High High Moderate High

significant limitations due to anatomical restrictions, fluid 
dynamic inefficiencies, risks of extrusion, and clinical 
constraints. Addressing these challenges requires a balance 
of advanced technology, safer protocols, and evidence-
based clinical adaptation (Shen et al., 2012; de Gregorio 
et al., 2010).

CLINICAL IMPLICATIONS
Effective irrigation is critical for achieving predictable 
outcomes in endodontic therapy. The interaction between 
irrigant dynamics, delivery systems, and canal anatomy 
directly influences microbial reduction, tissue dissolution, 
and long-term healing (Haapasalo et al., 2010; van der 
Sluis et al., 2016). Clinically, improved understanding of 
irrigation dynamics has reshaped treatment protocols by 
emphasizing safety, efficiency, and precision.

One major implication is the selection and activation 
of irrigants. While sodium hypochlorite remains the gold 
standard, its effectiveness depends heavily on delivery and 
activation methods. Activated irrigation techniques such 

as ultrasonic, sonic, and apical negative pressure systems 
have been shown to enhance irrigant penetration, disrupt 
biofilms, and reduce debris in complex canal anatomy 
compared to conventional syringe irrigation (Chen et al., 
2014; Susila & Minu, 2019; Loroño et al., 2020).

Another clinical concern is safety, particularly the 
risk of irrigant extrusion beyond the apex. Extrusion can 
cause pain, swelling, or chemical injury, and its likelihood 
is strongly influenced by irrigation pressure and canal 
morphology (Glassman, 2015; Park et al., 2012). Systems 
using apical negative pressure and controlled flow have 
been associated with reduced extrusion risk, making them 
preferable in anatomically complex or immature teeth 
(Loroño et al., 2020; Albuquerque et al., 2014).

The efficiency of smear layer removal also carries 
clinical significance, as it influences sealer penetration 
and the overall seal of the root canal filling. Studies show 
that protocols combining sodium hypochlorite with EDTA, 
activated by ultrasonic or sonic devices, achieve more 
consistent smear layer removal, especially in apical regions 
(Caron et al., 2010; de Gregorio et al., 2010).

Finally, clinical protocols must balance innovation 
with practicality. While advanced systems offer superior 
disinfection, cost, training, and accessibility remain barriers 
to universal adoption (Mortman, 2011; Bukhari & Babaeer, 
2019). Furthermore, minimally invasive endodontics 
requires irrigation strategies that achieve disinfection 
without excessive dentin removal, aligning with the 
principles of biologically driven treatment (Gluskin et al., 
2014; Bansal et al., 2015).

In summary, the clinical implications of irrigation 
dynamics underscore the need for tailored approaches that 
integrate safety, efficiency, and evidence-based activation 
protocols. By leveraging advances while addressing 
limitations, clinicians can optimize endodontic outcomes 
and improve patient care.

Fig 2: graph comparing bacterial reduction across different 
irrigation methods, before and after activation.
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CONCLUSION
Irrigation has remained a pillar of successful endodontic 
therapy, overcoming the drawbacks of mechanical 
instrumentation and compensating the complexity of the 
root canal system. The literature is unanimous on stating that 
no single irrigant or delivery method suffices, but instead 
a combination of chemical agents and activation methods 
is needed to produce predictable disinfection and tissue 
dissolution (Haapasalo et al., 2010; Bukhari and Babaeer, 
2019). Additional developments in irrigation dynamics, 
such as ultrasonic, sonic, and laser-assisted systems and 
apical negative pressure, have improved the penetration 
of irritants and the disruption of biofilm in too inaccessible 
anatomical locations (Chen et al., 2014; van der Sluis et al., 
2016; Loroño et al., 2020). These techniques show better 
movement of fluids than the traditional positive pressure 
systems, decreasing the occurrence of apical extrusion and 
enhancing the smear layer and debris extraction (Caron et 
al., 2010; de Gregorio et al., 2010).
Although there are such innovations, there are still 
difficulties. The morphology of the canal with complex 
canals, fins, and apical ramifications still restricts the flow 
and efficacy of irrigants and leaves microorganisms in 
sheltered niches (Albuquerque et al., 2014). In addition 
to that, potential accidents with sodium hypochlorite, 
complications during extrusion, and safety risks of patients 
indicate that close clinical use and medicolegal awareness 
are essential (Glassman, 2015). Moreover, the balance 
between the irrigant potency and biocompatibility can be 
viewed as a continuous clinical debatable issue because 
excessively aggressive regimens can destroy periapical 
tissues whereas the lack of disinfection can impair treatment 
effects (Gluskin et al., 2014).
The clinical protocols of optimal irrigation chances 
depending on the canal structure and the inherent 
complexity of the case continue to be at the core of success 
(Park et al., 2012; Tay, 2014). Evidence to date indicates that 
activated irrigation and activated irrigation in combination 
with new irrigant formulations have better cleaning efficacy 
in comparison with traditional methods (Susila & Minu, 
2019).Moreover, the combination of computational fluid 
dynamics (CFD) and micro-CT experiments has enhanced 
the knowledge of patterns of irrigant flow, and through this, 
more accurate assessments and optimization of irrigation 
methods can be implemented (Shen et al., 2012; Chen et 
al., 2014).
In the prospect, it is likely that the future of irrigation 
research will converge with regenerative endodontics, 
where the focus on preservation of vital tissue and on 

the promotion of biological restorations necessitates 
biocompatible but effective irrigant approaches (Bansal 
et al., 2015; Naik et al., 2016). Nanotechnology-based 
irrigants and improved delivery tools are emerging 
technologies and promise to reduce the current limitations 
(Mortman, 2011). However, long-term improvement will 
necessitate protocol and clinical validation in terms of long-
term outcome studies and evidence-based standardization.
Overall, the dynamics of irrigation in endodontics 
are not only a domain of stunning progress but 
also a clinical challenge. Despite the advances in 
safety and efficacy, the overall aim is to achieve 
predictable, minimally invasive, and biologically 
compatible protocols of irrigation that maximize 
the process of healing and long-term prognosis 
(van der Sluis et al., 2016).
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