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Abstract: Artificial Intelligence (Al) is rapidly transforming Orthodontic practice by enhancing diagnostic capabilities, personalizing
treatment planning, and optimizing clinical workflows. Leveraging advanced machine learning, deep learning and image processing
techniques, Al improves the accuracy and efficiency of tasks such as cephalometric landmark detection, skeletal maturity assessment
and malocclusion classification. Integration with digital tools like three-dimensional 3D imaging, intraoral scanning and clear aligner
manufacturing has revolutionized Orthodontic interventions, enabling precise treatment simulations and dynamic patient monitoring.
While Al offers significant benefits including improved treatment outcomes, reduced clinician workload and augmented educational
experiences it also presents challenges related to data privacy, ethical concerns, cost barriers, and model transparency. This
comprehensive review traces the historical development of Al in Orthodontics, surveys current applications, discusses advantages and
limitations and explores future directions including robotics, Information of things (loT) integration and precision medicine.
Understanding the evolving landscape of AI will empower clinicians and researchers to harness its potential responsibly, ultimately

fostering more effective, patient-centered Orthodontic care.
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1. Introduction

Al has gained tremendous momentum across various fields
of medicine, significantly impacting diagnosis, treatment,
and healthcare management. Its adoption in healthcare is due
to Al's remarkable capability to process and analyze massive
datasets efficiently, recognize patterns beyond human

capacity and provide actionable clinical insights in real time'.

Tools such as machine learning (ML), deep learning (DL)
and natural language processing enable automated analysis
of electronic health records, imaging, pathology, and even
complex genomic data, thereby enhancing predictive
accuracy and personalized medicine!2.

Dentistry has also embraced Al technologies with increasing
intensity. Al assisted diagnostic aids improve detection rates
of dental caries, periodontal diseases and oral neoplasms
through enhanced image interpretation of radiographs and
3D scanning®. Furthermore, Al based design and fabrication
methods are evolving for dental prostheses and surgical
guides, decreasing production time and costs while
improving accuracy. The patient management aspect
benefits from Al-powered chatbots and digital reminders to
optimize compliance and follow-up*>

Orthodontics, the dental specialty concerned with
diagnosing, preventing, and correcting malocclusions and
irregularities in tooth alignment, has witnessed a growing
integration of Al to assist with treatment planning and
execution. Al enables faster and more precise cephalometric
landmark identification, skeletal maturity assessment and
automated classification of malocclusions, thereby

standardizing diagnostics and reducing inter-observer
variability. Customized treatment simulations and predictive
outcome modeling have become feasible with Al enhanced
digital workflows, boosting both clinician confidence and
patient understanding>$.

The surge in Al applications in Orthodontics underscores the
necessity for a comprehensive, up to date review. Such a
review consolidates the landscape of Al innovations,
evaluates clinical effectiveness, highlights challenges, and
foresees future developments. This is critical to inform
clinicians, researchers, and developers striving to harness Al
for improved efficiency, accuracy, and patient centered
care’*.

2. Historical Perspective of Al in Orthodontics

Al as a formal academic discipline was established in 1956
at the Dartmouth Conference, where John McCarthy coined
the term "Artificial Intelligence" to describe the science and
engineering of making machines intelligent®!°. McCarthy
also developed the LISt Processing (LISP) programming
language in the late 1950s, which became fundamental for
Al research'. Prior to McCarthy, Alan Turing laid crucial
theoretical foundations for AI with his seminal 1950 paper
introducing what is now known as the Turing Test a
criterion to assess machine intelligence by evaluating a
machine's ability to mimic human responses convincingly''.
Turing’s pioneering work during World War II on code
breaking contributed significantly to early computing
advancements that enabled Al development''.
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In Orthodontics, early Al adoption emerged in the late 20th
century with computerized methods for cephalometric
analysis and treatment planning'2. Dr. Carl F. Gugino was a
pivotal figure who, alongside Drs. Robert M. Ricketts and
Ruel Bench, developed the first computerized cephalometric
and Visual Treatment Objective (VTO) programs in the
1960s'. Gugino also co-founded Great Lakes Orthodontics
in 1965 and was instrumental in advancing computerized
and algorithmic treatment planning approaches, helping to
popularize digital workflows in Orthodontic practice®'°.

The broader popularization of Al in Orthodontics
accelerated markedly during the 2010s, coinciding with the
rise of 3D imaging, intraoral scanning, and machine learning
algorithms'>!3, These advances enabled automated and rapid
cephalometric landmark detection, accurate skeletal maturity
assessment, and objective malocclusion classification,
standardizing diagnostics'>!*. Al powered virtual treatment
simulations and predictive analytic models improved
treatment precision, facilitated outcome prediction and
enhanced communication with patients'?. Al integration also
revolutionized clear aligner therapy through customized
appliance design and optimization of 3D printing parameters,
improving fit and reducing production turnaround times®'2,
Furthermore, Al enabled remote monitoring and wearable
devices enhanced patient compliance tracking, offering real-
time clinical feedback. Educationally, Al driven platforms
employing virtual and augmented reality have transformed
orthodontic  training, providing immersive learning
environments. Collectively, these milestones reflect
multidisciplinary efforts and technological breakthroughs
across decades that shaped AI’s impactful role in modern
Orthodontic practice, from conceptual foundations by
Turing and McCarthy to pioneering clinical implementations
by Gugino and subsequent widespread adoption enabled by
contemporary computing advancements® 13,

3. Applications of AI in Orthodontics

1) Diagnosis and Treatment Planning

Al technologies, especially convolutional neural networks
(CNNs), have automated the identification of cephalometric
landmarks,  significantly  reducing  variability = and
accelerating the analytic process’?>. Beyond landmark
detection, Al models are employed for growth prediction
and skeletal maturity assessment using radiographic data,

pivotal for optimal treatment timing. Furthermore,
automated malocclusion classification systems have
standardized diagnostics, allowing tailored treatment

plans'®!718 Modern deep learning approaches synthesize

complex morphological and functional patient data to
generate comprehensive profiles, aiding clinicians in precise,
customized Orthodontic planning'®'°.

2) Treatment Simulation and Outcome Prediction

Al powered virtual treatment simulations enable precise
modeling of tooth movement and Orthodontic appliance
sequencing, allowing clinicians to predict treatment duration
and individualize force application'>!?. Predictive analytics
account for biological variability, reducing risks such as root
resorption'>!°, Integration of biomechanical models with
patient specific anatomy further enhances outcome

predictions and
communication'®!7,

improves clinician-patient

3) Clear Aligners and Al Integration

Al has substantially transformed clear aligner therapy by
automating the design of staged tooth movements and
applying customized forces aligned with individual
anatomical requirements'>,?!. The coupling of Al with 3D
printing technology optimizes manufacturing parameters
like layer thickness and print orientation, enhancing aligner
fit, durability, and production efficiency?!. Such fully digital
workflows reduce manual labor and improve treatment
consistency across patients.

4) Patient Monitoring and Compliance Tracking

Remote Al based monitoring platforms analyze intraoral
image submissions and sensor data from wearable
Orthodontic devices, enabling continuous assessment of
appliance usage and oral hygiene status®»?*, These systems
provide real time alerts to both patients and clinicians about
compliance issues or emerging treatment deviations,
fostering proactive interventions and improved treatment
adherence®.

5) Al in Orthodontic Education and Training

Al powered educational technologies leverage virtual and
augmented reality to simulate clinical Orthodontic
scenarios®»?, These immersive environments provide real-
time feedback and guidance, enhancing diagnostic and
treatment planning skills in trainees within a risk-free and
controlled setting, thus improving educational outcomes and
clinician preparedness.

6) Al in Imaging and Radiographic Analysis

Advanced Al techniques automate the interpretation of
cone-beam computed tomography (CBCT), panoramic and
cephalometric  radiographs, excelling in volumetric
segmentation, precise landmark detection, and anatomical
variant recognition'>*”?8, This reduces observer variability
and diagnostic errors, while shortening image processing
times. Enhanced imaging interpretations significantly
support improved treatment planning and patient results.

4. Advantages of Al in Orthodontics

Integration of Al into Orthodontic practice provides
transformative advantages that substantially improve clinical
precision, operational efficiency and patient care quality.
One of the foremost benefits of Al is its ability to enhance
diagnostic accuracy by mitigating human error and reducing
subjectivity inherent in manual analyses. Advanced Al
algorithms, including CNNss reliably and consistently detect
cephalometric landmarks and anatomical features much
faster than manual tracing processes, thereby minimizing
both inter and intra examiner variability>>*. Additionally,
automated measurement and quantification of dental and
skeletal parameters empower Orthodontists to make more
evidence based and precise treatment decisions*.Beyond
improving diagnostic precision, Al significantly boosts
clinical efficiency by automating routine, labor intensive
tasks such as landmark identification, data measurement,
record input, and documentation. This automation allows
clinicians to concentrate more on complex clinical reasoning
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and direct patient care. The efficiency gains from Al are
especially valuable in busy clinical environments and large-
scale screening programs, where reducing workload
enhances productivity and helps prevent clinician
burnout®!32,

Furthermore, Al excels in personalizing Orthodontic
treatment by leveraging expansive, annotated clinical
datasets and sophisticated machine learning models. These
tools simulate patient specific biological responses to
Orthodontic forces and appliance designs, optimizing force
application protocols, clear aligner staging, and predicting
individualized tooth movement patterns. Such tailored
approaches reduce treatment time, minimize unplanned
refinements, and lower complication risks like root
resorption, which collectively enhance treatment outcomes,
patient compliance, and satisfaction®!. Real time monitoring
systems integrated with Al continuously supervise treatment
progress and provide timely alerts for compliance deviations,
enabling proactive clinical interventions?.

In addition to these benefits, Al enhances clinical decision
support by integrating and interpreting diverse data streams
that include 3D scans, radiographic images, and patient
reported outcomes. This promotes more comprehensive
patient understanding and multidisciplinary communication
critical components in delivering holistic orthodontic care.
Overall, the application of Al in Orthodontics marks a
significant advancement toward precision, efficiency, and
patient centered treatment.

5. Limitations

Despite substantial promise, effective Al adoption in
Orthodontics confronts several critical challenges. Foremost
among these are data privacy and ethical concerns
surrounding sensitive health information, which govern how
patient data used for Al training and inference must be
secured and anonymized in compliance with regulations
such as General Data Protection Regulation (GDPR) and the
Health Insurance Portability and Accountability Act
(HIPAA). These frameworks impose rigorous requirements
on data storage, sharing, and consent, demanding robust
technical safeguards and transparent governance models to
prevent breaches and misuse®’*®. Ensuring informed patient
consent and transparency about Al’s involvement in clinical
decisions is essential to maintain trust and uphold patient
autonomy>’.High initial and maintenance costs for Al
systems and required hardware limit accessibility,
particularly in smaller clinics and resource constrained
regions. Beyond financial investment, there is a significant
need for technical expertise to effectively implement Al,
necessitating dedicated training for Orthodontists and staff
to seamlessly integrate these tools into clinical
workflows®**.A substantial technical limitation involves Al
model bias and accuracy concerns. Al’s predictive power
heavily depends on the diversity, quality, and
representativeness of training data. Limited or unbalanced
datasets can introduce biases that reduce accuracy and
potentially ~ propagate  healthcare  disparities by
underperforming in less represented populations®®7,
Variability in image quality, anatomical anomalies and rare
clinical conditions also challenge AI robustness; thus

ongoing validation with broad real world datasets and
periodic retraining are essential to ensure reliability and
fairness*'.

Additionally, the lack of explainability or “black box” nature
in many Al systems particularly deep neural network (DNN)
poses challenges to clinical trust and acceptance. This
opacity complicates understanding how decisions are
derived, potentially hindering clinician confidence in Al
recommendations and complicating transparent patient
communication about treatment rationale and risks.Finally,
Al is designed to augment not replace the Orthodontist’s
expertise. Maintaining the critical role of clinical judgment
to oversee, confirm and contextualize Al generated outputs
is vital to prevent overreliance on systems and to ensure
optimal, ethical patient care *’.The future trajectory of Al in
Orthodontics is poised for remarkable expansion and
increasing sophistication. Integration of Al with robotics and
the IoT will lead to semi autonomous interventions such as
robotic wire bending, bracket placement, and real-time
remote appliance adjustments. These advances promise
heightened procedural precision and reduced manual
errors. Al will evolve to support dynamic, real time
personalized treatment through adaptive predictive models
continuously updated with patient specific biological
feedback and behavioral data. This closed loop system will
allow instantaneous modification of force application and
treatment tempo in response to ongoing treatment progress,
representing a paradigm shift toward truly individualized
care’>* Tele Orthodontics powered by Al will continue
expanding, augmenting remote consultations, Al guided
virtual monitoring and real time compliance tracking. This
expansion will improve treatment access and continuity for
patients in underserved or geographically remote
locations”?.

Emerging blockchain technologies and secure cloud
platforms will underpin interoperability and privacy
preserving data sharing among orthodontists, radiologists,
and  general dentists, fostering  multidisciplinary
collaboration essential for comprehensive patient care®.Al
may additionally integrate with advances in bioinformatics
and genetics to incorporate patients’ genetic and epigenetic
profiles into Orthodontic decision-making, opening new
frontiers for precision medicine in Orthodontics.

6. Conclusion

Al is revolutionizing Orthodontics by increasing diagnostic
precision, enabling personalized and dynamic treatment
planning, streamlining workflows through automation, and
enhancing patient monitoring remotely. These advances
facilitate shorter, safer, and more predictable treatment
courses leading to better clinical outcomes and higher
patient satisfaction.

Nevertheless, challenges including data privacy, financial
and operational costs, bias mitigation, explainability, and
integration into clinical practice require continued attention.
Sustained clinical validation alongside interdisciplinary
research and collaboration remain critical to harness Al’s
full capabilities responsibly.
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As

Al

technologies integrate with robotics, IoT,

telemedicine, and secure data infrastructures, the field
anticipates a new era of precision, accessibility, and patient-
centered Orthodontic care, benefiting both clinicians and
patients.
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