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ABSTRACT

Aim and background: The integration of artificial intelligence (Al) into orthodontics has transformed diagnostic and treatment-planning
workflows, driven by advances in CBCT imaging, digital scanning, cephalometric analysis, and data-driven decision support systems. In particular,
machine learning (ML) and deep learning (DL) techniques are being incorporated to automate landmark identification, assist malocclusion
classification, and support the prediction of orthodontic treatment outcomes. This review summarizes the current applications, benefits, and
limitations of Al in orthodontic diagnosis and treatment planning.

Materials and methods: A narrative review approach was adopted. The literature was searched in PubMed, Scopus, Web of Science, and
Google Scholar for studies published between 2010 and 2025 using keywords including artificial intelligence, machine learning, deep learning,
orthodontics, diagnosis, and treatment planning. Relevant peer-reviewed articles, clinical studies, reviews, and technical reports related to
orthodontic Al applications were included. Evidence was synthesized qualitatively due to heterogeneity in study methodologies.

Results: Multiple investigations have reported that Al-assisted cephalometric landmark detection achieves error values that fall within clinically
acceptable limits, typically comparable to expert manual tracings. Al models also assist in extraction decision-making, anchorage prediction,
aligner staging, and treatment duration forecasting. Despite promising outcomes, clinical integration remains limited due to dataset bias,
transparency concerns, the requirement for validation, and ethical considerations surrounding patient data security.

Conclusion: Al has significant potential to enhance precision, efficiency, and standardization in orthodontic diagnosis and treatment planning.
Current evidence supports Al as a complementary tool rather than a replacement for clinical expertise. Wider adoption will require multicenter
datasets, explainable algorithms, ethical frameworks, and prospective clinical validation.

Clinical significance: Artificial intelligence can improve diagnostic accuracy, reduce manual tracing time, assist in treatment decision-making,
and optimize aligner-based workflows. With responsible integration and continued validation, Al may become a core component of modern
orthodontic practice.

Keywords: Aligner therapy, Artificial intelligence, Cephalometrics, Deep learning, Diagnosis, Machine learning, Narrative Review, Orthodontics,

Treatment planning.
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INTRODUCTION

The clinical landscape of orthodontics has been fundamentally
reshaped over the past two decades by a progressive shift toward
digital workflows.

These advancements have significantly enhanced diagnostic
precision, treatment planning, and outcome evaluation in clinical
practice.”? However, the increase in digital records and image-
driven workflows also presents a challenge—Iarge volumes of
clinical data now require rapid processing, interpretation, and
integration to support efficient decision-making.>

In response to this growing data complexity, artificial
intelligence (Al) has gained attention as a technological approach
capable of supporting data-driven clinical decision-making. Under
the umbrella of Al, machine learning (ML) and deep learning (DL)
protocols function by allowing software to recognize intricate
data correlations and produce predictive results. Unlike traditional
software, these systems do not rely onrigid, rule-based instructions
but rather learn from exposure to vast diagnostic information.*=%
Convolutional neural networks (CNNs), in particular, have shown
high performance in medical image interpretation and are widely
applied in cephalometric tracing, skeletal classification, and facial
morphology assessment.

Although diagnostic protocols have evolved toward greater
standardization, orthodontic diagnosis continues to involve
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elements of subjectivity influenced by examiner experience and
interpretation.””® Al-based landmark detection tools reduce this
variability and increase measurement reproducibility, making them
valuable in clinical workflows.''" Similarly, orthodontic treatment
planning involves evaluating skeletal and dental relationships,
growth potential, biomechanics, and esthetic expectations—
processes traditionally dependent on clinical judgment supported
by experience.>'* Recently, Al models have been trained on large
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clinical datasets to support decisions such as extraction planning,
anchorage requirements, and aligner-staging predictions.'*'®

Although multiple studies highlight Al's diagnostic and
predictive potential, research remains fragmented and often
limited to specific applications rather than comprehensive clinical
integration.'®"’ This narrative review synthesizes current evidence
describing the role of Al in orthodontic diagnosis and treatment
planning, highlights clinical utility, discusses implementation
challenges, and explores future advancements needed to support
widespread adoption.

MATERIALS AND METHODS

Study Selection Criteria

Studies were included if they were peer-reviewed articles focusing
on applications of artificial intelligence in orthodontic diagnosis or
treatment planning, including cephalometric analysis, malocclusion
classification, growth assessment, extraction decision-making,
aligner therapy, anchorage control, or outcome prediction.
Reviews, original research articles, and technical validation studies
were considered. Studies unrelated to orthodontics, case reports,
editorials, opinion pieces, and nonpeer-reviewed sources were
excluded. Only articles published in the English language were
included to ensure consistency of interpretation and reproducibility.
Gray literature and unpublished studies were excluded due to
variability in methodological quality and limited availability of
validated performance metrics.

Study Design

This article adopts a narrative review design to synthesize
contemporary evidence on the application of artificial intelligence
in orthodontic diagnosis and treatment planning. Major medical
and scientific repositories, including PubMed and Web of Science,
were queried alongside Scopus and Google Scholar to ensure a
multidisciplinary reach. The scope of this investigation was restricted
to academic contributions published from 2010 through 2025,
ensuring the inclusion of the most recent technological milestones.
Search terms were selected to capture key developments in the
field and included combinations of “artificial intelligence,” “machine
learning,” “deep learning,” “orthodontics,” “cephalometrics” and
“treatment planning.”

Rather than aiming for exhaustive retrieval, emphasis was
placed on identifying influential peer-reviewed studies, clinical
investigations, review articles and technical reports that have
contributed substantially to the understanding of Al-based
orthodontic applications. Reference lists of relevant articles were
additionally screened to ensure contextual completeness.

Given the diversity of study designs, datasets, evaluation
metrics, and Al architectures, findings were integrated using a
qualitative, thematic approach. This narrative synthesis enables
critical interpretation of emerging trends, clinical relevance, and
limitations of current Al technologies in orthodontics, without
statistical aggregation of outcomes.'8-22

Artificial intelligence-based language assistance tools were
used for linguistic refinement and structural organization of the
manuscript. The authors take full responsibility for the accuracy,
originality, and integrity of the content.

"o

Fundamentals of Artificial Intelligence in Orthodontics

In the context of health care, artificial intelligence encompasses
computational systems designed to analyze complex datasets,

recognize patterns, and generate outputs that traditionally depend
on human cognitive processing.?®> Orthodontics represents a
particularly suitable domain for Al integration due to its reliance on
imaging, morphometric measurements, and longitudinal treatment
records. By processing digital diagnostic data algorithmically, Al
systems offer opportunities to enhance consistency, efficiency,
and objectivity in clinical workflows.2*-26

Machine learning (ML) algorithms improve performance
through exposure to data, enabling systems to identify relationships
between diagnostic variables and clinical outcomes. Deep
learning (DL), a specialized subset of ML, employs multilayered
neural networks capable of automatically extracting high-level
features from raw input data, reducing the need for manual feature
engineering.®?” Convolutional neural networks (CNNs) have
gained particular prominence in orthodontics because of their
effectivenessin analyzing two- and three-dimensional radiographic
and photographic images.

Most Al applications in orthodontics rely on supervised learning
approaches, where annotated datasets created by experienced
clinicians are used to train models for tasks such as cephalometric
landmark detection, skeletal classification, and treatment outcome
prediction.?® More recent research explores unsupervised learning
for phenotypic pattern recognition and reinforcement learning
techniques aimed at optimizing biomechanical strategies through
iterative feedback mechanisms.?*3° Common data sources include
lateral cephalograms, CBCT scans, facial photographs, intraoral
scans, and electronic health records.?"32

Despite increasing automation, Al systems are best regarded as
decision-support tools rather than autonomous decision-makers.
Clinical expertise remains essential to contextualize algorithmic
outputs, assess feasibility, and ensure patient-centered, ethical
application of Al-assisted recommendations.>'”

ARTIFICIAL INTELLIGENCE IN ORTHODONTIC
DiaGNoOSIS

Accurate diagnosis forms the foundation of successful orthodontic
treatment. Artificial intelligence has shown strong potential
in automating diagnostic processes, particularly image-based
assessments such as cephalometric landmark tracing, skeletal
classification, dentofacial analysis, and growth prediction.

Cephalometric Landmark Identification

Cephalometric analysis remains a cornerstone of orthodontic
diagnosis, yet manual landmark identification is time-intensive
and subject to inter- and intra-examiner variability. Recent
advances in deep learning have enabled the development of
automated landmark detection systems capable of analyzing
lateral cephalograms with a high degree of precision. Most
investigations report that Al-generated landmark positions fall
within clinically acceptable error margins, often comparable to
those achieved by experienced clinicians.!®3"33-33 |n the context
of cephalometric analysis, clinically acceptable error is generally
defined as a mean landmark localization error within 1.5-2.0
mm, which corresponds to the range of inter- and intraexaminer
variability reported among experienced orthodontists.””> CNN-
based models can rapidly locate anatomical reference points and
compute cephalometric measurements, substantially reducing
tracing time while improving reproducibility. These systems have
demonstrated potential utility not only during initial diagnosis
but also for longitudinal assessment of treatment progress and

Journal of Integrative Health Research, Volume 2 Issue 2 (July-December 2025) 59



Role of Artificial Intelligence in Modern Orthodontics

outcome evaluation. While minor discrepancies may persist for
landmarks affected by overlapping anatomical structures or
image quality, overall performance remains clinically acceptable.
Collectively, available evidence supports the use of Al-assisted
tracing as an adjunctive aid rather than a replacement for
clinician-led analysis.

Itisimportant to note that while many Al-based cephalometric
systems demonstrate high accuracy, the majority of available
models have been developed and validated using retrospective
datasets from single institutions. External validation across
independent datasets and multicenter populations remains limited,
highlighting the need for broader validation before widespread
clinical implementation.

Malocclusion Classification and Growth Assessment

Artificial intelligence models trained on cephalograms and
facial photographs can classify sagittal and vertical skeletal
patterns with high precision. Reported classification accuracy
for differentiating class I, Il, and Ill malocclusions often ranges
between 88-94%.35"*! Growth assessment systems using cervical
vertebral maturation (CVM) or bone-age estimation algorithms
enhance prediction of pubertal status and optimize timing
of growth-modification treatments. A summary of artificial
intelligence-based applications in orthodontic diagnosis is
presented in Table 1.

ARTIFICIAL INTELLIGENCE IN ORTHODONTIC
TREATMENT PLANNING

Orthodontic treatment planning is a multifactorial decision-
making process involving the assessment of skeletal and
dental relationships, soft-tissue esthetics, growth potential,
anchorage requirements, appliance selection, and biomechanical
considerations. Al assists clinicians by analyzing large datasets,
identifying treatment patterns, and generating prediction-based
planning assistance to support clinical judgment. At present,
a distinction must be made between experimental Al models
evaluated in controlled research settings and a smaller number of
commercially available systems that have entered limited clinical
use, with most applications still functioning as decision-support
tools rather than autonomous clinical systems.

Extraction Decision Support

Determining whether a case requires extractions remains a
contentious and multifaceted challenge for practitioners. To
address this, machine learning frameworks are now being utilized
to analyze historical patient records and provide objective data
points to assist in this critical decision-making process. Machine
learning models have been developed to evaluate diagnostic
features and predict extraction needs by comparing new patient
data with records of previously treated cases.

Aligner-based Planning, Anchorage Control, and
Outcome Production

Clear aligner therapy has accelerated interest in predictive
orthodontics. Predictive Al models have been explored to estimate
tooth movement behavior and treatment progression, particularly
in aligner-based workflows.**=>° Key applications of artificial
intelligence in orthodontic treatment planning and outcome
prediction are summarized in Table 2.

LiMITATIONS

As a narrative review, this article synthesizes published evidence
qualitatively and does not provide statistical pooling or meta-
analysis. The inclusion of English-language literature only
and the exclusion of unpublished or gray literature may limit
the comprehensiveness of evidence coverage. Additionally,
variability in study designs, datasets, and evaluation metrics
across included studies restricts direct comparison of reported
outcomes.

Although many studies report the favorable performance
of Al models, results are not uniformly positive across all clinical
scenarios. Reduced accuracy has been observed in cases with poor
image quality, anatomical overlap, incomplete records, or datasets
lacking population diversity. In several studies, model performance
declined when applied to external datasets, underscoring the
influence of dataset size, demographic representation, and imaging
protocols on reported outcomes.

Most published orthodontic Al studies rely on datasets ranging
from several hundred to a few thousand images, frequently derived
from relatively homogeneous populations, which may limit
generalizability across different ethnic, skeletal, and age-groups.

Table 1: Summary of artificial intelligence applications in orthodontic diagnosis

Application Key studies Model/algorithm Reported accuracy/outcome
Cephalometric landmark identification Kunz et al.' CNN Mean error < 1.5 mm

Park et al.” YOLOV3 vs SSD Mean error = 1.46 mm

Hwang et al.*" Deep CNN Comparable to expert tracings

Arik et al 38 CNN automated tracing Fully automated landmark detection

Polizzi et al.* Al landmark accuracy study High reproducibility reported
Malocclusion classification and CVM Yuetal.!” Al skeletal class prediction Accuracy 92.3%

Yoon et al.*? Facial photograph-based classifier >90% sagittal prediction

Zhou et al.*® Deep learning CVM assessment Accuracy = 88-94%

Kok et al.* Machine learning for growth assessment  Effective for CVM staging

Boukhari et al.*'
Saeed et al.*®

Facial analysis and esthetics

Neural a esthetic prediction
Deep neural network (DNN)

Automated attractiveness scoring
Objective facial feature mapping

This table summarizes key artificial intelligence-based approaches used in orthodontic diagnosis, including cephalometric landmark identification,
malocclusion classification, growth assessment, and facial analysis, along with representative studies, model types, and reported outcomes

60

Journal of Integrative Health Research, Volume 2 Issue 2 (July-December 2025)



Role of Artificial Intelligence in Modern Orthodontics

Table 2: Artificial intelligence applications in orthodontic treatment planning and outcome prediction

Application Study examples Model used Outcome/highlights

Extraction decision support Jung and Kim'* ANN ~90% agreement with expert decisions
Xie et al.?® ANN Accuracy ~88%
Liuetal.” Ensemble machine learning 89-93% reliability

Aligner treatment prediction Olawade et al.>? CNN/ML Predicts tooth movement accuracy
Alwafi et al.> Digital workflow-based Al Improves aligner staging precision
AlMogbel et al.>* Outcome modelling Refinement probability estimation

Anchorage and biomechanics forecasting Obwegeser et al.*’ Machine learning anchorage model Predicts anchorage loss risk

Murshida et al.””
Weissheimer et al.”®

Hansa et al.>®
I 66

Remote monitoring and 3D fabrication
Gerkeeta

ML-based duration prediction
Aesthetic predictive models
Al-based tracking

Al-assisted 3D printing

Treatment duration forecasting
Outcome-focused treatment planning
Improved compliance and reduced visits
Appliance workflow integration

This table summarizes major applications of artificial intelligence in orthodontic treatment planning, including extraction decision support, aligner
treatment prediction, anchorage control, treatment duration forecasting, and remote monitoring, along with commonly used models and reported

clinical outcomes

ETHicAL AND LEGAL CONSIDERATIONS

From a medicolegal perspective, responsibility for diagnosis
and treatment decisions remains with the treating orthodontist,
even when Al-assisted tools are used. Al systems currently lack
independent legal accountability and should therefore be regarded
as adjunctive aids. Appropriate documentation, informed consent,
and clinician oversight are essential to mitigate liability risks
associated with Al-supported decision-making.

Despite encouraging performance across multiple applications,
several challenges limit the immediate generalization of
artificial intelligence in orthodontic practice. Many Al models
are developed using datasets derived from single institutions or
restricted populations, which may reduce external validity when
applied to patients with different ethnic, skeletal, or age-related
characteristics. As a result, algorithmic bias remains a concern when
training data do not adequately represent population diversity.>'=>

Another important limitation relates to the interpretability
of deep learning systems. Many models operate as complex
computational frameworks that provide accurate predictions
without explicit explanations of underlying decision pathways.
This lack of transparency complicates clinical accountability
and raises medicolegal questions, particularly when Al-assisted
recommendations influence treatment decisions. Consequently,
clinicians must retain ultimate responsibility, using Al outputs as
advisory information rather than definitive directives.

The protection of patient data represents a further ethical
priority. Development and validation of robust Al models require
access to large volumes of radiographic images, facial scans, and
digital records. Adhering to strict data protection protocols—
including patient anonymity and informed consent—is vital for
the ethical use of Al. Systems must be developed to function within
the legal boundaries set by international regulations such as HIPAA
and GDPR to maintain patient privacy.>®=5'

Future DiIREcTIONS AND CLINICAL
INTEGRATION

Near-term developments, such as explainable Al models, remote
monitoring platforms, and improved validation frameworks, appear
closer to clinical readiness, whereas fully autonomous treatment

planning, reinforcement learning-driven biomechanics, and robotic
appliance fabrication remain largely experimental at present.

Artificial intelligence in orthodontics is progressing rapidly,
and future developments are expected to move beyond task-
specific automation toward integrated clinical decision-support
systems. Future progress depends on the shift toward interpretable
or explainable models. By allowing clinicians to view the logic
behind an algorithmic suggestion, these systems can build the
trust necessary for deeper integration into daily patient care.5?
Multimodal diagnostic systems that combine lateral cephalograms,
CBCT scans, facial scans, and intraoral data into a unified platform
could enable comprehensive and personalized treatment planning
rather than isolated analysis of individual diagnostic records.%®

Reinforcement learning and biomechanical simulation models
are emerging as promising tools for orthodontic appliance
optimization, allowing algorithms to adjust treatment mechanics
based on predicted outcomes.®* Al-supported remote monitoring
systems using smartphone-based imaging offer opportunities
for reducing in-clinic visits, improving compliance tracking, and
identifying treatment deviations earlier.%® Integration of Al-assisted
3D printing and robot-guided appliance fabrication may further
streamline workflow, enhancing precision in aligner staging,
bracket positioning, and customized appliance design.®®

To support widespread clinical adoption, future research should
focus on large multicenter datasets, external validation across
diverse populations, ethical frameworks for patient privacy, and
regulatory oversight for Al-assisted decision-making. Collaboration
between clinicians, engineers, data scientists, and governing bodies
will be essential for safe and scalable integration.

CONCLUSION

Artificial intelligence has emerged as a transformative tool in
contemporary orthodontics, demonstrating strong potential to
enhance diagnostic accuracy, improve efficiency, and support
clinical decision-making. Current evidence highlights the value of
Al in cephalometric landmark identification, skeletal classification,
growth assessment, and treatment planning, particularly in extraction
decisions and aligner-based outcome prediction. Although these
capabilities are advancing rapidly, Al remains an adjunctive tool that
depends on clinical expertise, judgement, and ethical oversight.
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Successful integration into daily orthodontic practice will require
continued research into transparent algorithms, diverse training
datasets, and prospective clinical validation. As digital workflows
mature, the convergence of Al with imaging, simulation, remote
monitoring, and appliance fabrication may lead to more personalized
treatment outcomes and streamlined clinical processes. With
responsible development and guided implementation, Al is positioned
to become an essential component of modern orthodontic care.

Clinical Significance

Artificial intelligence enhances diagnostic accuracy, reduces tracing
time, aids malocclusion classification, supports extraction decisions,
and improves aligner therapy planning. With ethical implementation,
robust validation, and clinician oversight, Al can significantly streamline
orthodontic workflows and elevate treatment predictability.
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