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Article history:

This study proposes an end-to-end digital dentistry pipeline that performs virtual

Received 20 May 2026 tooth extraction on three-dimensional intraoral scans and cone-beam computed
Revised =8 — June 2026 tomography data, predicts patient-specific post-extraction alveolar morpholo
Accepted 15 June 2026 g phy P p P p . . . P . .gy
over time, and generates automated prosthetic design candidates. Unlike existing
workflows focused on tooth segmentation or healed-ridge assumptions before
Keywords: prosthetic planning, the framework unifies pre-extraction scanning, socket-
Virtual tooth extraction . . . . - . . .
) preserving virtual extraction, temporal ridge prediction, uncertainty visualization,
Alveolar bone remodeling and prosthesis placement in one process. The method includes tooth instance
Intra-oral sean segmentation, extraction socket boundary preservation, multimodal conditional
Implant planning shape prediction, pontic or implant design optimization, and clinician-in-the-loop
Pontic design review. Validation showed DSC/IoU of 0.962/0.928 for virtual extraction, and
Dental CAD average DSC/MAE of 0.889/0.46 mm for temporal ridge prediction. Automated
prosthetic designs achieved a mean geometric error of 0.31 mm and significantly
reduced revision time (p<0.01). Blinded evaluation by five clinicians yielded
scores of 4.42+0.51 for esthetics, 4.3640.49 for functionality, and 4.48+0.43 for
clinical applicability.
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Step 1: Step 2: Step 3:
Input Data Virtual Extraction Temporal Prediction
10S, CBCT, & socket boundary Alveolar ridge

Clinical factors preservation remodeling forecasting

Step 4:
Prosthetic Planning

Pontic / Implant / Suitability map &
Abutment design manual adjustment

Fig. 1 Overall workflow of the proposed pre-extraction prosthetic
planning pipeline

Step 5:
Validation
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Fig. 2 Schematic temporal prediction of residual alveolar ridge
morphology after extraction
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3D Review Viewer

blue: stable — red: uncertain

-

Decision Support Panel
Time slider

0 1 3 6

Suggested actions
Review high-risk buccal area
Adjustimplant angulation

Refine pontic tissue surface

Uncertainty-aware review supports human-in-the-loop planning.

>y

Fig. 3 Uncertainty-aware interface for clinician-in-the-loop prosthetic
planning review
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Table 1 Dataset configuration and variable definitions

Category |Variable name| Data type | Description & purpose
3D external morphology
. f the target tooth,
Input Pre-extraction | 3D mesh .0 © arge. 00
cometry 10S (plystl) adjacent soft tissue, and
8 R crowns prior to
extraction
Pre Identification of basal
Auxiliary . 3D volume | bone volume, cortical
extraction .
geometry / mesh bone thickness, and
CBCT ..
critical structures
- .. Age, gender, periodontal
Clinical Clinical 56, gender. ‘perlo oma
. Vector status, smoking, socket
conditions | parameters .
preservation, etc.
Actual alveolar ridge
Post- hol t
Ground oSt 3D mesh  [HOfpI0I0Ey @
extraction . . immediately after
truth (time-series) .
scans extraction, 1 month,
3 months, 6 months, etc.
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Buccolingual width MAE, Volume difference ratioS A8t
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Table 2 Objective evaluation metrics for the proposed pipeline

Table 3 Quantitative comparison between baseline methods and
the proposed pipeline

Task Metric Description
Tooth Overlap between predicted
DSC, IoU and reference tooth

segmentation .
instances

Surface-level geometric

Chamfer distance .
discrepancy

Ridge prediction

Absolute error of vertical

Ri icti t height MAE . .
dge prediction | Crest heig tidge prediction

Absolute error of horizontal
ridge prediction

Buccolingual

Ridge prediction width MAE

Method Baseline A |Baseline B | Proposed
Virtual extraction DSC 0.914 0.938 0.962
Virtual extraction IoU 0.848 0.885 0.928
Chamfer distance (mm) 0.387 0.296 0214
Mean DSC of ridge prediction| 0.821 0.856 0.889
Mean MAE (mm) 0.71 0.59 0.46
Design error (mm) 0.58 0.44 0.31

Mean tissue-surface

Pontic-ridge gap adaptation error

Prosthesis design

Distance to critical

Prosthesis design anatomy

Safety margin

Agreement between

Calibration error
confidence and actual error

Reliability

Case processing Total computation

Runtime . . .
time time per patient
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Table 4 Ablation study results for the proposed pipeline

. Mean | Mean MAE | Design error
ECE
Setting DSC (mm) (mm) c
Proposed w/o
socket-preserving | 0.861 0.58 0.43 0.072
extraction
Proposed wio 1 073 |53 039 | 0.065
clinical parameters
Proposed wio- 1 ge7 | 047 033 |0114
uncertainty module
Proposed 0.889 0.46 0.31 0.041

Table 5 Blinded clinical evaluation results by expert clinicians

Method Baseline A | Baseline B Proposed
Esthetics 3.62+0.58 4.01+0.53 4.42+0.51
Functionality 3.74+0.61 4.08+0.50 4.36+0.49
Design fitness 3.68+0.55 4.02+0.48 4.45+0.46
Revision need 2.94+0.66 3.41+0.59 4.18+0.52
Clinical applicability | 3.56+0.63 4.03+0.51 4.48+0.43
ZlolTt. AR & 7MY A A=, AAE o5 HeE, A
Q3 oA BE 7P 43t AAE Hth 53] Chamfer
distance®t AA| 22k9] 7 Fo| IA vEh, AAl 32kl 1H
of B9 9 A7 AYE SolN eTL AT 4 Uit

45 271 48 Zat

Table 4% A3t sfo|zefalo] thet 271
BA% AA BE BEE A
2% AsEgch By He 278t
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g 1A gol ofskEigith
ol Aot spolzalele] 7t 7 247} EgHoR o)z 7t
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A B5ol] 7lofehe Hojeth

4.6 iAol "ot Zn}

Table 5= /g2 5%00] 9Jgt W7 7} AE Yehdct. At
B Al 4.4240.5174, 7154 4.36+0.497%, AA HgHA
4.45+0.464, YA AL 7F5A 448404374 7|25t} o=
Baseline A%} Baseline BET} 2% =2 2xo|d, E3] AAF A
£ 7Fs/dt A Aol felst AFolE EITh(p<0.01).
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