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Abstract: 
Inadequate irrigant penetration into the apical and lateral extensions of root canal systems remains a major limitation of 
chemomechanical disinfection, particularly in curved and oval canals. Therefore, it is of interest to develop and validate artificial 
intelligence (AI) models to predict irrigant penetration depth using canal morphology, preparation size, activation method, irrigant 
viscosity, needle position and micro-computed tomography-derived anatomical variables from 120 extracted human mandibular 
premolars. Confocal imaging showed significantly greater penetration with passive ultrasonic activation (724.8 ± 105.7 µm) and laser-
activated irrigation (781.3 ± 112.4 µm) compared with conventional needle irrigation (412.6 ± 91.5 µm; p < 0.001). The gradient 
boosting model achieved the highest predictive performance (R² = 0.91, RMSE = 58.4 µm, MAE = 43.7 µm). Thus, data shows that AI-
based prediction accurately estimated irrigant penetration depth and it may facilitate personalized irrigation strategies based on canal 
anatomy and activation technique. 
 

Keywords: Artificial intelligence (AI), endodontic irrigation, irrigant penetration, root canal morphology, machine learning (ML), 
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Background: 

The three-dimensional obturation, chemical disinfection and 
mechanical shaping are all essential for successful root canal 
therapy. Although mechanical instrumentation can produce a 
reproducible main canal pathway, anatomical fins, isthmuses, 
accessory canals, apical deltas and dentinal tubules often are left 
uninstrumented. Thus, irrigation is not a secondary but a crucial 
factor in the reduction of microorganisms and dissolution of 
tissues in complex root canal systems [1]. Sodium hypochlorite is 
the most popular primary irrigant due to its wide antimicrobial 
and tissue-dissolving properties. EDTA is frequently used as a 
chelating agent for smear-layer removal, to enhance dentinal 
tubule access and to facilitate deeper penetration of irrigant. 
Even with these benefits, however, irrigation by syringe and 
needle is insufficient to gain access to the apical third and 
irregular extensions of the canal [2]. The depth of irrigant 
penetration depends on the interaction of various factors such as 
the size of the apical preparation, taper, canal curvature, canal 
cross sectional shape, needle gauge, needle insertion depth, 
irrigant volume, fluid viscosity, delivery pressure and activation 
system. While conventional statistical comparisons can detect 
group differences, they are less effective at modelling the 
nonlinear interactions between canal anatomy and irrigation 
dynamics [3]. New activation techniques have been developed to 
enhance exchange of irrigant and to break up stagnant fluid 
regions. The hydrodynamic agitation produced by sonic 
activation is at lower frequencies, while passive ultrasonic 

activation generates acoustic streaming and cavitation-like 
effects that could improve penetration into uninstrumented 
recesses. The photoacoustic fluid movement has also been 
studied with laser activated irrigation. But there is no method of 
activation that ensures uniform penetration in each canal, due to 
anatomical complexity and to the presence of apical vapor lock, 
which can limit the flow of fluid [4]. Three dimensional imaging 
and digital microscopy have increased the capacity to quantify 
endodontic anatomy and irrigant behavior. Before sectioning or 
microscopy, the volume, surface area, curvature and ovality of 
canals can be measured using micro-computed tomography. The 
use of fluorescent tracers in combination with confocal laser 
scanning microscopy allows quantitative assessment of the 
penetration depth into dentinal tubules and irregularities in the 
canal walls. These datasets are of the type of high dimensional 
inputs needed for predictive modelling [5]. AI has quickly made 
its way into dental research with image classification, 
segmentation, diagnostic support and predicting outcomes. AI 
has been used in endodontics for the detection of periapical 
lesions, working length estimation, identification of root 
fracture, canal morphology assessment and treatment planning. 
The same principles can be applied to the diagnosis and also the 
prediction of fluid penetration in the laboratory, where several 
anatomical and procedural characteristics can be used to predict 
a biological or physical outcome [6]. Machine-learning 
techniques like random forest, support vector regression, 
artificial neural networks and gradient boosting can model 
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complex interactions between features without assuming a linear 
relationship between the features and the outcome. They are 
clinically useful only if they can be clearly validated, data 
leakage is avoided, the sample is sufficiently distributed and 
they are compared with traditional regression models. While 
there have been more studies that compare different activation 
methods in endodontic irrigation research, predictive modelling 
is still underdeveloped [7]. Recent research has indicated that the 
penetration of the irrigant is not only dependent on the 
activation technique, but also on the concentration, exposure 
time, size of the canal to be prepared and position in the root. 
The results indicate that a single protocol is not the best for all 
canals. A predictive approach may be helpful to identify canals 
that may need to be activated, enlarged, have a different needle 
depth, or longer contact time [8]. The research gap is that there is 
no validated AI-based model that predicts the depth of irrigant 
penetration based on both anatomical and procedural variables 
from controlled in vitro experiments. Such a model could move 
endodontic irrigation research from description of comparisons 
to selection of protocols based on individual patient 
characteristics and objective risk assessment for inadequate 
penetration [9]. The purpose of the present in vitro study was to 
develop and compare the prediction models of irrigant 
penetration depth in the root canal system based on the use of 
micro-computed tomography-derived canal morphology, 
irrigation technique variables and reference measurements 
obtained by confocal microscopy. The null hypothesis was that 
the accuracy of the predictions of the AI models would not be 
significantly better than that of the conventional multiple linear 
regression [10]. Therefore, it is of interest to report the 
development and validation of artificial intelligence-based 
models for predicting irrigant penetration depth in the root canal 
system using micro-computed tomography-derived canal 
morphology, irrigation technique variables and confocal 
microscopy reference measurements and to compare their 
predictive performance with conventional multiple linear 
regression. 
 
Materials and Methods: 
Describe the study design and sample size: 

The present in vitro experimental and computational study was 
performed on extracted mature apically formed human 
mandibular premolars. The main outcome was meaning irrigant 
penetration depth (µm) obtained from images taken by confocal 
laser scanning microscopy. Secondary outcomes included model 
performance indices such as coefficient of determination, root 
mean square error, mean absolute error and agreement between 
the predicted and observed penetration values. A sample size of 
120 teeth was determined based on pilot testing that showed that 
25 teeth per experimental group would give 80% power to detect 
a difference in penetration depth of 90 microm between 
activation protocols at alpha = 0.05. Each irrigation group 
contained 30 teeth to facilitate balanced training of the models 
and independent validation. 
 
The selection and preparation of teeth: 

Mandibular premolars were freshly extracted from routine 
orthodontic or periodontal extraction. The teeth included were 
those with a single canal, closed apices, no cracks, no previous 
endodontic treatment and a root length of 13 to 16 mm. Teeth 
that were resorbed, calcified, had open apices, severe curvature 
(more than 35 degrees), root caries, or obvious structural defects 
were not included. The soft tissue remnants and calculus were 
removed by ultrasonic scaling. Specimens were preserved in 
0.1% thymol for 7 days and then in distilled water until they 
were used. Crowns were decoronated to standardize the root 
length at 14 mm and the canal was patented with a size 10 K-file 
and working length was set 1 mm short of the apical foramen. 
The anatomical feature extraction was performed using micro-
computed tomography. Prior to instrumentation, each specimen 
was scanned with micro-computed tomography at 18 microm 
voxel size. The image analysis software was used to reconstruct 
and segment DICOM datasets. The volume of the canal, surface 
area, structure model index, curvature angle, radius of 
curvature, canal roundness, ovality ratio, apical diameter, 
middle-third diameter and canal surface complexity were 
recorded. These variables were exported as numeric inputs for 
predictive modelling. All canals were instrumented with a 
standard rotary nickel-titanium system with 2 mL saline 
irrigation between instruments, after baseline scanning, up to 
size 30/0.06 taper. The smear layer was removed with 17% 
EDTA for 1 minute followed by distilled water rinse. 
 

The experimental grouping and irrigation protocol were as 
follows: 

The specimens were randomly divided into four groups of 30 
specimens. Group I was needle-irrigated with conventional 
needles (30 gauge) inserted 2 mm short of working length. 
Group II was sonic activated for three 20-second cycles. Group 
III was treated with passive ultrasonic activation with a 
noncutting ultrasonic tip placed 1 mm from the canal wall. 
Group IV was irrigated with a laser with a radial firing tip in the 
coronal third, following a standard pulse protocol. The total 
volume of irrigant was standardized at 6 mL per specimen and 
the final activation time was maintained equal between 
activation groups, using a fluorescent sodium hypochlorite 
simulant containing 0.1% rhodamine B. 
 
Confocal microscopy measurement: 

Roots were cut into coronal, middle and apical sections after 
irrigation, at 9 mm, 6 mm and 3 mm from the apex respectively. 
The sections were polished and then viewed at 10x and 20x 
magnification using confocal laser scanning microscopy. The 
penetration depth was determined at four fixed points within 
each section with the aid of calibrated software. All section level 
readings were averaged to get mean penetration depth for each 
root. The evaluator was blinded to group allocation and AI 
predictions. Intra-examiner reliability was determined by 
repeated measurements of 20 randomly selected specimens after 
two weeks. 
 
AI model development: 
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Anatomical variables, procedural variables and observed 
penetration depth were included in the data set. The data were 
split into training (70%), validation (15%) and test (15%) sets by 
stratified sampling by irrigation group. Standardization of 
predictors was done when necessary. Multiple linear regression, 
random forest regression, support vector regression, artificial 
neural network and gradient boosting regression were trained. 
Five-fold cross validation was used to tune the hyperparameters 
on the training set. Permutation importance and SHAP-based 
ranking were used to estimate the feature importance for the 
best model. The independent test set was used to evaluate model 
performance. 
 
Statistical analysis: 
The data was analyzed statistically using the SPSS version 28 
and Python-based machine-learning libraries. The Shapiro-Wilk 
test was used to assess normality. One-way ANOVA and Tukey 
multiple comparison tests were used to compare intergroup 
differences in penetration depth. Repeated measures ANOVA 
was used for section-level comparisons. Where applicable, 
categorical distributions were compared using chi-square test. 
The performance of the models was evaluated using R2, RMSE, 
MAE and Bland-Altman agreement. A p value of < 0.05 was 
considered statistically significant. 
 
Results: 
All 120 specimens went through the experimental protocol and 
were used in the final analysis. There were no significant 

differences between the groups in terms of root length, 
curvature angle, baseline canal volume and apical diameter after 
instrumentation. The mean root length ranged from 13.8 +/- 0.5 
mm to 14.1 +/- 0.4 mm across groups and the mean curvature 
angle ranged from 18.6 +/- 5.4 degrees to 19.9 +/- 5.1 degrees. 
There was no statistically significant difference between the four 
groups at baseline (p > 0.05), indicating good randomization. 
The mean irrigant penetration depth was significantly different 
between groups. The mean penetration depth for conventional 
needle irrigation was the lowest, followed by sonic activation. 
Passive ultrasonic activation and laser-activated irrigation 
yielded significantly higher values, with laser activation having 
the highest mean penetration. The overall difference between the 
groups was statistically significant (p < 0.001). Pairwise analysis 
revealed that all activation methods had significantly higher 
penetration than conventional irrigation and passive ultrasonic 
and laser activation were not significantly different in the apical 
third. The coronal third had the highest penetration and the 
apical third had the lowest penetration across all groups in the 
section level analysis. The difference in coronal and apical 
penetration was greatest for conventional irrigation and least for 
laser-activated irrigation. The performance analysis of the AI 
models showed that gradient boosting regression model had the 
highest predictive accuracy on the independent test set, followed 
by artificial neural network regression and random forest 
regression. Multiple linear regressions had the lowest 
performance and rejected the null hypothesis (Table 1-3).

 
Table 1: Baseline anatomical characteristics of specimens by irrigation group 

Variable Conventional irrigation 
(n=30) 

Sonic activation 
(n=30) 

Passive ultrasonic activation 
(n=30) 

Laser activation 
(n=30) 

p-
value 

Root length (mm) 13.9 +/- 0.5 14.0 +/- 0.4 13.8 +/- 0.5 14.1 +/- 0.4 0.214 
Curvature angle (degrees) 18.6 +/- 5.4 19.2 +/- 5.7 18.9 +/- 4.9 19.9 +/- 5.1 0.681 
Canal volume before instrumentation 
(mm3) 

3.48 +/- 0.61 3.52 +/- 0.58 3.46 +/- 0.64 3.55 +/- 0.60 0.887 

Canal surface area (mm2) 29.4 +/- 4.8 30.1 +/- 5.0 29.7 +/- 4.6 30.3 +/- 4.7 0.793 
Apical diameter after preparation 
(mm) 

0.31 +/- 0.03 0.32 +/- 0.04 0.31 +/- 0.04 0.32 +/- 0.03 0.614 

Ovality ratio at middle third 1.78 +/- 0.31 1.81 +/- 0.34 1.76 +/- 0.29 1.84 +/- 0.33 0.722 

 
Table 2: Irrigant penetration depth according to irrigation protocol and root level 

Root level Conventional irrigation Sonic activation Passive ultrasonic activation Laser activation p-value 

Coronal third (microm) 526.4 +/- 103.2 681.5 +/- 112.6 836.7 +/- 126.4 892.8 +/- 132.1 <0.001 
Middle third (microm) 408.7 +/- 96.8 589.2 +/- 106.3 748.1 +/- 118.9 802.6 +/- 126.5 <0.001 
Apical third (microm) 302.8 +/- 82.5 451.6 +/- 94.7 589.7 +/- 103.6 648.5 +/- 111.2 <0.001 
Overall mean penetration (microm) 412.6 +/- 91.5 574.1 +/- 101.2 724.8 +/- 105.7 781.3 +/- 112.4 <0.001 
Specimens with penetration >600 microm, n (%) 5 (16.7) 14 (46.7) 25 (83.3) 27 (90.0) <0.001 

 

Table 3: Performance of AI models for prediction of irrigant penetration depth 

Model R2 RMSE (microm) MAE (microm) Mean bias (microm) Key predictive variables 

Multiple linear regression 0.68 108.5 82.6 -11.8 Activation, apical diameter, canal volume 
Support vector regression 0.82 76.9 58.4 -6.3 Activation, ovality, curvature 
Random forest regression 0.87 66.1 49.8 -4.7 Activation, canal volume, surface area 
Artificial neural network 0.89 62.7 46.9 -3.9 Activation, ovality, apical diameter 
Gradient boosting regression 0.91 58.4 43.7 -2.6 Activation, apical diameter, curvature, ovality 

 
Discussion: 

This in vitro study showed that the combination of anatomical 
and procedural variables in a structured dataset can be used to 
accurately predict irrigant penetration depth by using AI-driven 
modelling. The results of the gradient boosting regression 

indicate that penetration behavior is not simply a function of one 
dominant factor, but rather is influenced by nonlinear 
interactions. This is clinically relevant because the canal 
anatomy, the position of the needle, the size of the canal 
preparation and the method of activation are not independent 
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during the irrigation [11]. The experimental results showed that 
the conventional needle irrigation method had the least 
penetration depth particularly in the apical third. This pattern is 
similar to the fluid-dynamic constraints of syringe delivery in 
narrow canal spaces where the contact with the walls, vapor 
lock, lack of irrigant exchange and inadequate hydrodynamic 
agitation limit apical renewal. While the traditional irrigation 
system is still easy to implement and is widely used, it seems to 
be very sensitive to the size of the preparation of the canal and 
the position of the needle [12]. The results showed that the 
penetration with sonic irrigation was better than that with 
conventional irrigation, suggesting that hydrodynamic agitation 
can help to move the irrigant beyond the needle outlet. In the 
present data set, however, sonic activation was less effective 
than passive ultrasonic and laser activation. This could be due to 
variations in the oscillation frequency, intensity of acoustic 
streaming and disruption of stagnant fluid layers near dentinal 
tubules and canal irregularities [13]. The penetration depth was 
significantly increased in all root levels with passive ultrasonic 
activation. This improvement was especially noticeable in the 
middle and apical thirds where conventional irrigant delivery is 
limited. The increased penetration could be attributed to the 
effects of acoustic streaming and increased movement of the 
intracanal fluid that would allow irrigant to come into contact 
with more area of the canal walls and enter dentinal tubules 
more efficiently [14]. The mean penetration depth of the laser 
activated irrigation was the greatest, but not significantly 
different from the passive ultrasonic activated irrigation in the 
apical third. The photoacoustic fluid movement created by the 
activation of the laser can enhance irrigant exchange without the 
need for deep tip placement close to the apex. This can be 
beneficial in curved or anatomically sensitive canals, as long as 
energy settings and safety measures are well standardised [15]. 
In all groups the apical third was the most difficult area for 
irrigant penetration. This discovery further confirms that the 
activation technique is not enough to overcome anatomical 
limitations. All of the above mentioned parameters were 
negatively correlated with penetration value, with smaller apical 
diameters, greater curvature, higher ovality and increased canal 
surface complexity. The AI model was able to capture these 
relationships better than linear regression, as the same activation 
protocol was different across anatomical context [16]. The most 
successful model recognized the following factors as the most 
important predictors: activation method, apical diameter, 
curvature, ovality ratio and canal volume. These variables are 
clinically plausible because they are all factors that contribute to 
fluid exchange, irrigant replacement and canal wall contact. The 
model was not only able to classify irrigation protocols; it could 
also individualize the expected penetration depth for each 
specimen. The primary benefit of AI-based prediction over 
traditional group-based comparisons is this one [7]. The results 
of this study indicate that AI has the potential to be incorporated 
into the future endodontic planning process. One potential 
application in the future would be to use trained models to 
suggest irrigation activation intensity, preparation size, contact 
time, or needle depth based on canal morphology extracted from 

cone-beam computed tomography or high-resolution 
intraoperative imaging. The use of such should be viewed as a 
decision support and not a standalone clinical decision, as 
prediction models need to be validated and calibrated in other 
populations, scanners, tooth types and irrigation systems [8]. 
Artificial intelligence is increasingly supporting endodontic 
diagnosis by enabling automated root canal detection, 
segmentation, and length measurement, with deep-learning 
models showing high accuracy and improved reproducibility, 
particularly in CBCT-based assessment [17].  Laser-activated 
irrigation enhances irrigant dynamics through laser-induced 
fluid movement and cavitation, which may improve 
antimicrobial action within complex and otherwise inaccessible 
areas of the root canal system [18]. There are some limitations of 
the study. The extraction of mandibular premolars and a 
fluorescent irrigant simulant were used in vitro. The protocol 
enabled standardization, but did not completely mimic clinical 
variables like remnants, intracanal biofilm maturity, patient-
specific anatomy, temperature changes, or operator variability. 
The model was developed using a controlled set of data and 
should not be applied to molars or immature teeth until further 
validation. Additionally, penetration depth was chosen as the 
primary outcome and although penetration depth was 
increased, this did not necessarily mean that the biofilm was 
completely eliminated or that clinical healing was improved. In 
this context, the study offers a replicable approach to the 
integration of micro-computed tomography, confocal 
microscopy and AI modelling in endodontic irrigation studies. 
The results confirm that the concept of optimizing irrigation by 
anatomy-aware prediction is valid and not to be carried out with 
the same protocol for all canals. Molar canal systems, curved 
canals with complex apical anatomy, larger multicenter datasets 
and external testing against clinical disinfection and healing 
outcomes should be included in future studies. 
 
Conclusion: 
Artificial intelligence-based prediction models accurately 
estimated irrigant penetration depth by integrating anatomical 
and procedural variables, with gradient boosting demonstrating 
the highest predictive performance. Passive ultrasonic and laser-
activated irrigation achieved significantly greater irrigant 
penetration than conventional needle irrigation, particularly in 
the apical third. Thus, the potential of AI-assisted, anatomy-
guided irrigation planning to optimize endodontic disinfection 
and facilitate personalized clinical decision-making. 
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