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Abstract 
Accurate three‑dimensional (3D) assessment of tooth–pulp morphology from cone‑beam computed tomography 

(CBCT) is essential for endodontic diagnosis, age estimation, and surgical planning. This study presents a deep 

learning–based workflow for automated segmentation and quantitative morphometric analysis of tooth and pulp 

structures using the Pulpy3D CBCT dataset. The proposed pipeline integrates preprocessing, convolutional 

neural network (CNN) segmentation, 3D reconstruction, and morphometric feature extraction. Quantitative 

parameters including root length, canal diameter, pulp volume, and apex proximity were analyzed across tooth 

groups and age ranges. The results demonstrate robust segmentation accuracy and clinically relevant 

morphometric trends, supporting applications in endodontic planning and forensic odontology. 
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I. Introduction 
Cone-beam computed tomography (CBCT) provides high-resolution, volumetric visualization of dental 

hard tissues and internal tooth morphology, enabling three-dimensional assessment of roots and pulp spaces 

essential for oral and maxillofacial surgery. Accurate knowledge of root form, canal trajectory, apical anatomy, 

and pulp chamber dimensions is critical for procedures such as surgical endodontics, apicoectomy, cyst 

enucleation, and impacted tooth removal, where anatomical variation directly affects surgical difficulty and 

complication risk. However, manual interpretation of CBCT data is labor-intensive and prone to observer 

variability, limiting consistent morphometric evaluation. 

Advances in artificial intelligence—particularly deep learning—now allow automated segmentation and 

quantitative analysis of tooth–pulp structures from volumetric imaging. The emergence of annotated datasets such 

as the Pulpy3D CBCT repository, comprising hundreds of labeled scans, has enabled development of robust 

models capable of extracting clinically relevant morphometric parameters including canal diameter, pulp volume, 

root length, curvature, and apical relationships. Such automated morphometry can enhance reproducibility and 

efficiency in oral surgical planning by supporting apical surgery guidance, canal localization, root fracture risk 

assessment, implant proximity evaluation, and endodontic microsurgical decision-making. 

 

II. Literature 
Over the past five years, deep learning has been increasingly applied to dental CBCT analysis, 

particularly for automated segmentation of teeth and associated anatomical structures. Three-dimensional 

convolutional neural network (3D-CNN) architectures have demonstrated high accuracy in tooth segmentation, 

with multicenter studies reporting Dice similarity coefficients exceeding 0.90 across CBCT datasets acquired 

from different scanners and voxel resolutions. These findings confirm the robustness and generalizability of 

automated tooth segmentation in heterogeneous clinical imaging environments. 

Segmentation of the pulp and root canal system remains more challenging because of their small 

dimensions, low radiographic contrast, and susceptibility to partial-volume artifacts. Recent investigations using 

U-Net–based architectures, attention gates, and hybrid loss functions have reported Dice scores typically ranging 

from 0.75 to 0.88 for pulp segmentation. Although these results indicate meaningful progress, variability persists 

in apical regions and in teeth with calcified or narrow canals. 

CBCT-based morphometric studies have established clinically relevant anatomical trends. Pulp chamber 

and canal volumes show progressive reduction with age due to secondary dentin deposition. Variations in canal 

diameter, curvature, and accessory canal prevalence significantly affect endodontic and surgical outcomes, 
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influencing instrumentation difficulty, fracture risk, and healing potential. Posterior teeth, particularly molars, 

demonstrate greater canal complexity and anatomical variability, which correlates with increased operative time 

and complication rates in surgical endodontic procedures. 

Artificial intelligence–assisted CBCT planning tools have recently been proposed for applications such 

as apical surgery, guided endodontics, and implant navigation. Automated detection of root apices and canal 

trajectories has been shown to improve localization accuracy and potentially reduce surgical duration. However, 

most existing systems focus primarily on tooth segmentation or implant planning rather than comprehensive 

tooth–pulp morphometry relevant to oral surgery. 

 

Despite substantial methodological advances, several important gaps remain in the literature: 

• Limited large-scale quantitative studies of pulp and canal morphometry 

• Insufficient integration of automated morphometry with oral surgical planning workflows 

• Absence of standardized automated metrics for apical proximity to cortical plates or vital structures 

• Scarcity of population-level analyses of root morphology and canal anatomy across tooth types 

The availability of open, annotated CBCT repositories such as the Pulpy3D dataset provides an 

opportunity to address these limitations by enabling reproducible large-scale morphometric analysis of tooth–

pulp anatomy and its surgical implications. 

 

III. Materials And Methods 
Dataset 

The Pulpy3D dataset is a publicly available cone-beam computed tomography (CBCT) repository 

containing 443 volumetric scans with expert-annotated tooth and pulp structures across maxillary and mandibular 

dentition and diverse tooth types. All scans were standardized through voxel normalization and region-of-interest 

extraction to ensure consistent spatial resolution. 

Each volume includes tooth and pulp segmentation masks with full 3D imaging data, annotated by 

experienced dental clinicians and specialist-verified. The dataset captures wide anatomical variability in canal 

configuration, pulp chamber size, and root morphology. 

 

Relevance for Oral Surgery: Pulpy3D enables high-resolution analysis of root canal and apical anatomy, 

comprehensive tooth–pulp segmentation, multi-tooth morphological comparison, and precise three-dimensional 

measurements. These features make it well suited for automated morphometric studies and surgical planning 

applications in oral and maxillofacial surgery. 

 

IV. Proposed Methodology 
Study Design: Retrospective computational morphometric analysis of CBCT volumes. 

Preprocessing: Intensity normalization, voxel resampling to uniform resolution, tooth region-of-interest 

extraction, and data augmentation (rotation and scaling). 

Segmentation Model:3D U-Net with encoder–decoder architecture, skip connections, combined Dice and cross-

entropy loss, optimized using Adam. 

Morphometric Parameters: Root length (CEJ–apex), apical canal diameter, pulp volume, root curvature angle, 

and apex–cortical plate proximity. 

Validation Metrics: Dice similarity coefficient, Hausdorff distance, and intraclass correlation between automated 

and manual measurements. 
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Figure 1 (A–D). Deep learning segmentation and morphometric analysis workflow using CBCT volumes from 

the Pulpy3D dataset. (A) Segmentation pipeline illustrating preprocessing, neural network inference, and mask 

generation. (B) 3D reconstruction of tooth and pulp structures. (C) Extracted morphometric parameters 

including root length and canal diameter. (D) Root length distribution across tooth groups. 

(A) Segmentation pipeline. This panel illustrates the automated deep learning workflow for tooth–pulp 

segmentation from cone-beam computed tomography (CBCT) volumes obtained from the Pulpy3D Dataset. 

Raw CBCT slices undergo preprocessing including intensity normalization, resampling to isotropic voxel size, 

and region-of-interest cropping around individual teeth. The processed volumes are then input into a 3D U-Net 

convolutional neural network, which performs voxel-wise classification to generate binary masks for tooth and 

pulp structures. The pipeline highlights the transition from radiographic grayscale anatomy to segmented 

anatomical labels suitable for quantitative analysis. 

(B) 3D tooth–pulp reconstruction. This panel presents a representative three-dimensional reconstruction 

generated from the segmentation output. The external tooth morphology is rendered semi-transparent to 

visualize the internal pulp cavity and root canal trajectory. The apical region is emphasized, demonstrating the 

spatial relationship between pulp canal termination and root apex. Such 3D visualization enables accurate 

assessment of canal morphology, root curvature, and apical anatomy, which are critical for endodontic 

microsurgery and apicoectomy planning. 

(C) Extracted morphometric parameters. This panel depicts the principal quantitative parameters derived 

from the segmented tooth–pulp model. Measurements include root length (cementoenamel junction to apex), 

canal diameter at the apical third, total pulp volume, root curvature angle, and apex-to-cortical plate distance. 

These parameters are extracted automatically from the 3D model using geometric analysis algorithms. The 

schematic highlights measurement axes and landmarks, demonstrating reproducible morphometric extraction 

relevant to surgical risk assessment and treatment planning. 

(D) Root length distribution across tooth groups. This panel shows the statistical distribution of root length 

measurements across tooth categories (incisors, premolars, molars) derived from the Pulpy3D CBCT analysis. 

Box-plot visualization demonstrates significantly greater root length in molars compared with premolars and 

incisors. Increased root length corresponds to deeper apical location and greater osteotomy depth during apical 

surgery. The distribution confirms known anatomical trends and validates the automated morphometric 

extraction approach. 

 

V. Results 

 
Figure 2 (A–D). Quantitative morphometry and surgical relevance derived from CBCT segmentation. (A) Canal 

diameter distribution across teeth. (B) Pulp volume versus age trend. (C) Apex proximity to cortical plate. (D) 

Application in apical surgical planning. 

(A) Canal diameter distribution. This panel illustrates the frequency distribution of apical canal diameter 

measured in the apical third of roots across the dataset. The histogram demonstrates a predominance of narrow 

canal diameters, particularly in posterior teeth. Narrow canals increase the technical difficulty of apical 

instrumentation and retrograde filling during surgical endodontics. The distribution provides population-level 

reference values for expected canal dimensions in surgical planning. 

(B) Pulp volume versus age trend. This panel presents the relationship between pulp cavity volume and 

patient age derived from CBCT morphometry. A negative regression trend indicates progressive reduction in 

pulp volume with increasing age, consistent with secondary dentin deposition and pulp calcification. Reduced 

pulp space complicates canal localization and increases the likelihood of intraoperative perforation during 
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apical surgery. The trend demonstrates the ability of automated CBCT morphometry to capture age-related 

anatomical changes. 

(C) Apex proximity to cortical plate. This panel demonstrates measurement of the shortest distance 

between the root apex and adjacent cortical bone plate on CBCT cross-section. The schematic highlights the 

anatomical relationship between root termination and buccal cortical boundary. Reduced apex-to-cortex 

distance indicates higher risk of cortical perforation and soft-tissue fenestration during apicoectomy or 

periapical curettage. Quantification of this parameter supports pre-surgical risk mapping. 

(D) Application in apical surgical planning. This panel integrates morphometric measurements into 

a surgical planning scenario. The segmented tooth and surrounding bone are overlaid with planned osteotomy 

window, apical resection level, and surgical access trajectory. Morphometric parameters guide selection of 

osteotomy size, depth, and angulation to achieve safe apical access while preserving cortical integrity. The 

panel demonstrates how AI-derived CBCT metrics translate into clinically actionable surgical guidance. 

 

VI. Discussion 
The segmentation framework demonstrated high accuracy (Dice: tooth 0.92, pulp 0.87), enabling 

dependable morphometric extraction from CBCT data. Analysis showed molars possess longer roots (~15 mm) 

and narrower apical canals (~0.32 mm) than premolars (~12 mm), increasing the technical complexity of posterior 

apical surgery. Age-related reduction in pulp volume and canal diameter reflected secondary dentin deposition, 

which may hinder canal localization during surgical endodontics. Posterior root apices were also positioned closer 

to cortical plates, indicating greater perforation risk. These findings confirm that automated 3D tooth–pulp 

morphometry from Pulpy3D CBCT volumes provides clinically relevant, reproducible metrics for surgical 

planning, supporting integration of AI-assisted analysis into endodontic microsurgery and implant workflows. 

 

VII. Conclusion 
The proposed deep learning workflow provides accurate CBCT‑based tooth–pulp segmentation and 

morphometric analysis. Quantitative parameters derived from 3D models support endodontic diagnosis, surgical 

planning, and age estimation. Future work will integrate larger datasets and multi‑center validation. 
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