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Abstract
Background: Temporary anchorage devices (TADs) have transformed orthodontic treatment by providing reliable
skeletal anchorage for complex tooth movements while reducing dependence on patient compliance. In recent years,
advances in cone-beam computed tomography (CBCT), intraoral scanning, three-dimensional (3D) imaging, and
artificial intelligence (Al) have introduced new possibilities for individualized TAD planning, improving insertion
accuracy and biomechanical efficiency. Despite these developments, the available evidence remains scattered across
different areas of orthodontic research.

Objective: This scoping review aimed to map the current evidence on the clinical applications of TADs, summarize
factors influencing their success, and explore the emerging role of digital technologies and Al-assisted planning in
optimizing orthodontic treatment.

Methods: A scoping review was conducted according to the PRISMA-ScR guidelines and JBI methodology.
Electronic searches were performed in PubMed, Scopus, Web of Science, Embase, and Google Scholar for studies
published between 2015 and 2026. Clinical studies, randomized trials, observational studies, systematic reviews,
and relevant reports evaluating orthodontic TADs, digital workflows, or Al-assisted planning were included.

Results: The mapped evidence demonstrated that TADs provide predictable skeletal anchorage for space closure,
molar distalization, intrusion, extrusion, open-bite correction, and management of complex malocclusions. Clinical
success is influenced by anatomical site, cortical bone thickness, insertion technique, primary stability, loading
protocol, and oral hygiene. Recent evidence indicates that Al-based image analysis, CBCT segmentation, automated
anatomical landmark detection, and digital treatment planning may improve TAD positioning, reduce the risk of]
root injury, and support personalized biomechanical planning. However, clinical validation of Al-assisted systems
remains limited.
Conclusions: Temporary anchorage devices remain an essential component of contemporary orthodontics, while
digital technologies and artificial intelligence are expanding their clinical potential through more precise and
individualized treatment planning. Future prospective studies should focus on validating Al-assisted planning
systems and integrating them into routine orthodontic practice.

Keywords: temporary anchorage devices; orthodontic mini-implants; skeletal anchorage; artificial intelligence;
digital orthodontics; Smartee S4 technology; CBCT; treatment planning.
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Orthodontic treatment has evolved considerably over
the past decades, moving beyond simple correction of
dental alignment toward a comprehensive approach
focused on controlled tooth movement, skeletal
relationships, and individualized biomechanical
strategies. Among the factors determining treatment
predictability, anchorage control remains one of the
fundamental challenges in orthodontics. The ability to
maintain stable anchorage while applying controlled
orthodontic forces is essential for achieving predictable
treatment  outcomes,  particularly in  complex
malocclusions requiring significant tooth movement *.

Conventional anchorage methods, including extraoral
appliances, transpalatal arches, and intermaxillary
elastics, have contributed significantly to orthodontic
treatment; however, their effectiveness may be limited
by factors such as patient compliance, unwanted
reciprocal tooth movement, and insufficient control
during complex biomechanical procedures. These
limitations have encouraged the development of
alternative anchorage strategies capable of providing
more reliable and predictable force control 2,

The introduction of temporary anchorage devices
(TADs), including orthodontic mini-implants and
miniscrews, has represented a major advancement in
modern orthodontics by providing a reliable method of
skeletal anchorage. Unlike conventional dental
anchorage systems, TADs obtain support directly from
the surrounding alveolar bone, allowing orthodontists to
apply controlled forces without depending exclusively
on adjacent teeth. This biomechanical concept has
expanded the scope of orthodontic treatment and
enabled predictable management of challenging clinical
situations, including severe anchorage requirements,
complex space closure, molar movement, and vertical
control problems **,

Clinical applications of TADs have progressively
expanded and currently include anterior en-masse
retraction, extraction space closure, molar distalization
and mesialization, intrusion of anterior and posterior
teeth, open-bite correction, and correction of
asymmetric dental relationships. The clinical value of
TAD-assisted mechanics extends beyond anchorage
reinforcement, as these devices allow the application of
forces from strategically selected anatomical locations,
improving biomechanical efficiency and reducing
undesirable dental effects. In selected cases, TAD-
assisted approaches may also provide minimally
invasive alternatives to more complex surgical
procedures °°.

In clinical practice, skeletal anchorage can also be

complemented by aligner mechanics, such as the Smartee
S4 technology. The S4 framework utilizes strategically
configured power arms—rigid levers attached to teeth or
aligner structures—and precise touch-and-aligner contact
dynamics to direct force vectors closer to the center of
resistance, thereby enhancing root torque and bodily
tooth movement during complex treatment phases
(Figure 1).
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Figure 1. S4 intelligent power arm & TADs

Despite their widespread clinical adoption, the success
and predictability of TAD treatment remain dependent on
multiple biological, anatomical, and mechanical variables.
Factors including insertion site, cortical bone thickness,
bone quality, implant dimensions, insertion torque,
loading protocol, soft tissue characteristics, and peri-
implant inflammation may influence primary stability and
long-term success. Anatomical limitations such as
inadequate interradicular space, unfavorable root
proximity, insufficient cortical support, and proximity to
critical structures represent important challenges during
placement. Therefore, accurate preoperative assessment

and individualized treatment planning are essential
components of successful TAD-assisted orthodontic
therapy +*©.

Recent advances in digital orthodontics have provided
new opportunities to improve the accuracy and
predictability of TAD planning by enabling detailed
assessment of patient-specific anatomy. Cone-beam
computed tomography (CBCT), three-dimensional
reconstruction, intraoral scanning, and computer-assisted
treatment planning allow clinicians to evaluate dental
roots, cortical bone morphology, and anatomical
boundaries with greater precision than conventional two-
dimensional imaging approaches. These technologies
have contributed to a transition from experience-based
placement toward a more systematic, anatomy-driven
planning strategy .

Artificial intelligence (Al) has recently emerged as a
promising extension of digital orthodontic workflows. Al-
based technologies have demonstrated potential
applications in automated image interpretation, anatomical
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structure  segmentation, landmark  detection,
predictive modeling, and clinical decision-support
systems. Within TAD-assisted orthodontics, Al
may provide additional value by analyzing CBCT-
derived anatomical information, identifying
potential insertion corridors, evaluating root—bone
relationships, and assisting clinicians in selecting
implant positions that optimize biomechanical

requirements while maintaining anatomical safety
10-12

However, despite increasing interest in Al
applications within orthodontics, the specific role
of artificial intelligence in TAD planning remains
at an early stage of clinical development. Current
evidence is mainly focused on algorithm
development, image analysis, segmentation
techniques, and preliminary technical validation,
whereas clinical implementation and patient-
centered outcome evaluation remain limited.
Furthermore, important challenges include the
absence of standardized Al-assisted planning
protocols, the need for external validation across
diverse patient populations, potential limitations
related to training dataset variability, and
incomplete integration into routine orthodontic
workflows. Future studies are required to
determine whether Al-assisted planning can
provide clinically meaningful improvements in
TAD placement accuracy, safety, treatment
efficiency, and long-term outcomes compared with
conventional approaches **°,

The convergence of temporary anchorage devices,
three-dimensional  imaging, and artificial
intelligence represents a potential transition toward
a more personalized model of orthodontic
treatment planning. By integrating patient-specific
anatomical information obtained from CBCT,
biomechanical principles, and Al-based analytical
tools, future digital workflows may improve
insertion site selection, optimize miniscrew
positioning, and reduce placement-related
complications. Nevertheless, clinical
implementation of these technologies requires
stronger evidence regarding accuracy,
reproducibility, external validity, and long-term
effectiveness **%.

Therefore, this scoping review aims to
comprehensively map the current evidence
regarding the clinical applications of temporary
anchorage devices in orthodontics, summarize
factors influencing their stability and treatment
outcomes, and explore the emerging role of digital
workflows and artificial intelligence in

personalized TAD-assisted treatment planning.

By integrating established principles of skeletal anchorage
with recent advances in digital dentistry and Al technologies,
this review seeks to identify current knowledge gaps and
highlight future directions for safer, more predictable, and
individualized orthodontic care.

2.1 Study Design and Methodological Framework

This study was conducted as a scoping review following the
methodological recommendations of the Joanna Briggs
Institute (JBI) and reported according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
Extension for Scoping Reviews (PRISMA-ScR) guidelines
1820 A scoping review methodology was selected because
the field of temporary anchorage devices (TADs) in
orthodontics includes a wide range of clinical applications,
biomechanical approaches, and rapidly emerging digital
technologies. Unlike systematic reviews focusing on a
narrowly defined clinical question, scoping reviews allow
comprehensive mapping of available evidence, identification
of knowledge gaps, and exploration of emerging concepts
such as artificial intelligence-assisted treatment planning.
The primary objective of this review was to characterize the
current evidence regarding the clinical applications of
orthodontic TADs, factors affecting their stability and
success, and the integration of digital technologies,
including three-dimensional imaging and artificial
intelligence  (Al)-based planning approaches, into
contemporary orthodontic practice.

2.2 Review Question and PCC Framework

The research question was developed according to the
Population—Concept—Context (PCCO) framework
recommended by the JBI methodology'®. The PCC
framework was selected to ensure a structured approach for
identifying relevant evidence and defining the scope of the
review.

The Population included patients undergoing orthodontic
treatment who required skeletal anchorage for controlled
tooth movement. The Concept focused on temporary
anchorage devices, including orthodontic mini-implants and
miniscrews, their clinical applications, biomechanical
principles, treatment outcomes, complications, and emerging
Al-assisted planning methods. The Context included
conventional orthodontic approaches as well as modern
digital workflows incorporating cone-beam computed
tomography (CBCT), three-dimensional imaging, computer-
assisted planning, and artificial intelligence technologies.
The detailed eligibility framework based on the PCC
approach is presented in Table 1.
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Table 1. Eligibility Criteria According to the PCC Framework

Category Description

Population Patients receiving orthodontic treatment
requiring skeletal anchorage

Concept TADs, mini-implants, biomechanics,
complications, Al planning

Context CBCT, 3D imaging, guided placement, Al

Evidence sources RCTs, observational studies, case series,
reviews

Publication period Jan 2015-Jul 2026

Language English

Inclusion Clinical TAD or Al studies

Exclusion Animal/lab/non-orthodontic/abstracts

2.3 Literature Search Strategy

A comprehensive literature search was performed in the electronic databases PubMed/MEDLINE, Scopus, Web of
Science, Embase, and Google Scholar. The search strategy was developed using a combination of controlled vocabulary
terms (MeSH terms where applicable) and free-text keywords related to temporary anchorage devices, orthodontic
applications, digital imaging, and artificial intelligence.

The following Boolean search strategy was applied:

("temporary anchorage device" OR "orthodontic mini-implant” OR "orthodontic miniscrew*" OR miniscrew* OR
"skeletal anchorage™)

AND

(orthodontic* OR malocclusion* OR "orthodontic treatment” OR "tooth movement")

AND

(CBCT OR "cone beam computed tomography" OR "three-dimensional imaging" OR "digital orthodontics" OR
"computer-assisted planning" OR "artificial intelligence™ OR "machine learning")**

Additional searches were performed using related terms and reference list screening of relevant publications to identify
potentially eligible studies. The search was limited to English-language publications published between January 2015
and July 2026.

2.4 Study Selection Process

All retrieved records were collected and screened after removal of duplicates. Two independent reviewers performed
title and abstract screening according to predefined eligibility criteria. Potentially relevant studies were subsequently
assessed through full-text evaluation. Studies were included when they provided clinical information regarding TAD
application, treatment outcomes, biomechanical considerations, or digital and Al-based approaches related to
orthodontic anchorage. Any disagreement between reviewers was resolved through discussion and consensus.

2.5 Data Extraction and Charting

Data extraction was performed using a standardized data-charting form developed according to the objectives of the
review. Extracted variables included bibliographic information, study characteristics, patient demographics, TAD-
related parameters, clinical indications, treatment outcomes, complications, and digital technologies used. For studies
involving artificial intelligence, additional information was collected regarding the type of Al application, imaging
modality, algorithmic function, clinical purpose, and reported advantages or limitations.

The complete data extraction framework is summarized in Table 2.
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Table 2. Data Extraction Framework for Included Studies

Data domain Extracted variables

Bibliographic information Author, year, country

Study characteristics Design, sample, follow-up

Patient characteristics Age, sex, diagnosis

TAD characteristics Type, dimensions, site

Clinical application Retraction, intrusion, distalization
Biomechanical factors Force direction, anchorage
Treatment outcomes Success, stability, complications
Digital/Al CBCT, 3D, segmentation, prediction

2.6 Data Synthesis

Due to the expected heterogeneity among included studies regarding clinical protocols, patient populations, TAD
designs, and outcome measures, a qualitative descriptive synthesis was performed rather than a quantitative meta-
analysis. The findings were organized into major thematic categories, including clinical applications of TADs, factors
influencing treatment success, complications, digital orthodontic workflows, and emerging Al-based approaches for
personalized TAD planning.

3.1 Study Selection and Characteristics of Included Evidence

The literature search identified studies investigating the clinical applications of temporary anchorage devices (TADs),
their biomechanical performance, treatment outcomes, complications, and recent developments in digital orthodontic
planning. The study selection process was performed according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses Extension for Scoping Reviews (PRISMA-ScR) framework (Figure 1). The initial search identified
96 records. After removal of 24 duplicate records, 72 studies remained for title and abstract screening. Following the
screening process, 28 records were excluded due to irrelevance to the review objectives or failure to meet the predefined
eligibility criteria. Subsequently, 44 full-text articles were assessed for eligibility, and 8 articles were excluded because
of insufficient clinical information, inappropriate study design, or lack of relevance to TAD applications and Al-assisted
orthodontic planning. Finally, 36 studies were included in the qualitative synthesis.

Identification of studies via databases and registers

= Records identified from
=] databases (n = 96)
g Duplicate records removed
= FS’UbMed( * :2!3;) > before screening
n=

z e (n = 24)
D Web of Science (n = 20)
= Other sources (n = 16)

Records screened Q Records excluded

Q (title and abstract) —> (n = 28)
g (n=72) Irrelevant to the review objectives
= or did not meet eligibility criteria
a 4
N Full-text articles assessed e Full-text articles excluded

for eligibility > (n=28)

(n =44) Insufficient clinical information,
inappropriate study design, or
lack of relevance to TAD
applications and Al-assisted

G v orthodontic planning
g Studies included in
= qualitative synthesis
2 (n = 36)

Note: The PRISMA flow diagram illustrates the selection process of studies included
in this scoping review on Al-assisted TAD planning in orthodontics.

Figure 2. PRISMA-ScR flow diagram illustrating the study selection process.
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The included evidence comprised randomized clinical trials, prospective and retrospective clinical studies, observational
investigations, case series, and evidence-based reviews. The selected studies evaluated different orthodontic indications,
including anterior retraction, molar distalization, intrusion, open-bite correction, asymmetric tooth movement, and
anchorage reinforcement.

The main characteristics of the included studies, including study design, population, TAD application, digital
technologies, and reported outcomes, are summarized in Table 3.

Table 3. Overview of the Characteristics of Included Studies

Evidence domain Characteristics of included evidence

Study design RCTs, prospective, retrospective,
observational, reviews

Population Adolescent and adult orthodontic patients

Applications Retraction, distalization, intrusion, open bite

Outcomes Anchorage, stability, complications

Biomechanics Insertion site, cortical bone, loading

Digital/Al CBCT, 3D planning, Al

3.2 Clinical Applications of Temporary Anchorage Devices

The analyzed evidence demonstrates that TADs have become an important component of contemporary orthodontic
treatment by providing stable skeletal anchorage for complex tooth movements. The most frequently reported
applications included anterior en-masse retraction, molar distalization, posterior intrusion, correction of open bite,
management of asymmetric malocclusions, and reinforcement of anchorage during comprehensive orthodontic therapy.

The major advantage of TAD-assisted mechanics is the ability to apply orthodontic forces from a stable skeletal base,
reducing unwanted reciprocal tooth movement and improving biomechanical control. The clinical applications and their
treatment objectives are summarized in Table 4.

Table 4. Clinical Applications and Biomechanical Objectives of Temporary Anchorage Devices

Clinical application

Treatment objective

Biomechanical advantage

Anterior retraction

Correct protrusion

Absolute anchorage

Molar distalization

Sagittal correction

Controlled movement

Posterior intrusion

Open bite

Intrusive force

Molar mesialization

Space closure

Skeletal support

Asymmetry

Unilateral correction

Differential forces

Complex mechanics

Anchorage

Predictability

3.3 Factors Influencing TAD Stability and Clinical Outcomes

The clinical performance of TADs is influenced by a combination of mechanical, anatomical, and patient-related factors.
The reviewed studies emphasized that successful placement depends not only on implant characteristics but also on
careful evaluation of the surrounding anatomical environment.

Important factors include cortical bone thickness, insertion site selection, implant dimensions, loading protocol, peri-
implant tissue condition, and operator experience. In particular, three-dimensional assessment of root position and
available bone volume has become increasingly important for reducing placement-related complications.

The main factors affecting TAD success are summarized in Table 5.
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Table 5. Factors Influencing Clinical Success and Failure Risk of Orthodontic Temporary Anchorage Devices

Factor

Influence on Clinical
Outcome

Clinical relevance

Cortical bone thickness and
density

Determines the primary
mechanical stability of the
temporary anchorage device
after insertion

Adequate cortical bone
improves initial stability and
reduces the likelihood of
early failure

Root proximity and
interradicular space

Influences the availability of
a safe insertion corridor and
the risk of root injury

Preoperative CBCT
evaluation facilitates accurate
site selection and minimizes
iatrogenic complications

Implant dimensions (diameter
and length)

Affect bone engagement,
mechanical retention,
andresistance to orthodontic
loading

Appropriate implant
dimensions enhance stability
while reducing the risk of
loosening or fracture

Insertion site selection

Determines the quality of
surrounding bone and soft
tissues as well as
biomechanical efficiency

Proper anatomical site
selection contributes to
predictable force application
and long-term clinical success

Insertion technique and
angulation

Influence placement
accuracy, primary stability,
and stress distribution around
the implant

Correct insertion technique
minimizes surgical
complications and improves
treatment outcomes

Orthodontic loading protocol

Determines the magnitude
and direction of forces
transmitted to the implant—
bone interface

Appropriate loading protocols
help maintain implant
stability throughout treatment

Peri-implant soft tissue health
and oral hygiene

Influence the development of
peri-implant inflammation
and soft tissue complications

Good oral hygiene reduces
inflammation and contributes
to long-term clinical success

Treatment planning and
operator experience

Affect placement accuracy,
biomechanical planning, and
overall clinical decision-
making

Careful planning supported

by digital imaging improves
treatment predictability and

reduces failure risk

3.4 Digital Workflow and Artificial Intelligence-Assisted Personalized TAD Planning

The integration of digital technologies has introduced new possibilities for individualized orthodontic anchorage
planning. CBCT-based three-dimensional reconstruction allows detailed visualization of dental roots, cortical bone
morphology, and anatomical limitations before TAD placement.

Acrtificial intelligence-based systems may further enhance this process by assisting with automated segmentation of
anatomical structures, identification of relevant landmarks, and analysis of patient-specific characteristics.

By integrating CBCT-derived information with orthodontic treatment objectives, Al-assisted platforms may support
personalized selection of insertion sites, trajectories, and implant parameters. The proposed Al-assisted digital workflow
for personalized TAD planning is illustrated in Figure 3.
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Figure 3. Digital Workflow of Artificial Intelligence—Assisted Personalized Temporary Anchorage Device (TAD)
Planning.

Importantly, Al functions as a clinical decision-support tool rather than an autonomous treatment system. The final
decision regarding TAD placement remains dependent on orthodontist evaluation, clinical examination, and
individualized treatment planning.

The proposed Al-assisted personalized planning parameters are summarized in Table 6.
3.5 Al-Assisted Risk Stratification for Prevention of TAD-Related Complications

Beyond treatment planning, artificial intelligence may provide additional value through patient-specific risk assessment.
By analyzing CBCT-derived anatomical information, Al-assisted systems may help identify conditions associated with
increased risk of complications, including insufficient interradicular space, unfavorable root proximity, inadequate
cortical support, or inappropriate insertion trajectories. Rather than applying universal placement rules, Al-assisted risk
stratification allows individualized evaluation of anatomical variations and supports safer clinical decision-making. The
proposed Al-assisted risk stratification framework for prevention of TAD-related complications is presented in Figure 4.
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Figure 4. Artificial Intelligence—Assisted Risk Stratification Framework for Prevention of Temporary Anchorage Device
(TAD)-Related Complications.

The potential safety parameters used for personalized risk assessment are summarized in Table 7.
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Table 6. CBCT-Based Anatomical Parameters for Al-Assisted Personalized TAD

Planning

CBCT Parameter

Clinical Importance

Role in Al-Assisted Planning

Interradicular space

Determines the availability
of a safe insertion corridor
between adjacent tooth
roots

Al identifies optimal
insertion pathways while
minimizing the risk of root
contact

Cortical bone thickness

Influences primary
mechanical stability and
implant retention

Al quantifies cortical bone
dimensions to improve site
selection and predict
implant stability

Bone volume and

Determines whether

Al reconstructs three-

morphology sufficient bone support is dimensional bone anatomy
available for TAD placement | and identifies suitable
insertion sites
Root morphology and Influences insertion Automated segmentation
orientation angulation and the enables precise localization

likelihood of root
interference

of dental roots before
implant placement

Macxillary sinus, nasal
cavity, and neurovascular
structures

Identifies critical
anatomical structures that
should be avoided during
insertion

Al detects anatomical
boundaries and supports
safer treatment planning

Soft tissue thickness

Influences implant head
position, patient comfort,
and peri-implant tissue
health

Al integrates soft tissue
measurements into
personalized placement
planning

Three-dimensional
insertion trajectory

Determines the optimal
insertion angle and depth
for biomechanical stability

Al simulates implant
positioning to optimize
accuracy and minimize
procedural risks

Table 7. AlI-Assisted Anatomical Risk Assessment Framework for Personalized

TAD Placement

Risk Assessment Parameter

Al-Based Evaluation

Clinical Significance

Interradicular space
availability

Automated three-
dimensional measurement
of the space between
adjacent roots

Identifies safe insertion
corridors and reduces the
risk of root injury

Root proximity

Automatic root
segmentation and distance
analysis

Minimizes accidental root
contact during TAD
placement

Cortical bone thickness

Quantitative assessment of
cortical bone dimensions

Predicts primary stability
and assists in selecting the
optimal insertion site

Bone morphology and

Three-dimensional

Supports personalized

Note: The proposed Al-assisted risk assessment framework represents a clinical decision-support approach based on
anatomical and biomechanical parameters. These factors should be interpreted together with individual CBCT findings,
clinical examination, and orthodontic treatment objective
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Temporary anchorage devices have fundamentally
changed modern orthodontic treatment by providing a
reliable method of skeletal anchorage and expanding the
range of predictable tooth movements. The findings of
this scoping review demonstrate that TADs are now
widely incorporated into orthodontic practice for
managing complex clinical situations, including
anchorage reinforcement, molar movement, intrusion

mechanics, and correction of challenging malocclusions
21-24

The increasing application of TADs reflects a shift from
conventional anchorage concepts toward more
controlled and individualized biomechanical
approaches. In modern practice, skeletal anchorage can
be integrated alongside specialized aligner solutions,
such as the Smartee S4 technology. By employing rigid
power arms and optimizing touch-and-aligner interface
dynamics, clinicians can achieve precise control over
force vectors and root torque, complementing the
anchorage benefits provided by TADs 242 Unlike
traditional anchorage methods, miniscrews provide
clinicians with the ability to apply forces from
strategically selected skeletal locations, reducing
unwanted dental effects and improving treatment
efficiency. However, successful outcomes depend on
appropriate case selection, anatomical assessment,
insertion technique, and maintenance of peri-implant
health *%,

One of the important observations from the current
evidence is the growing importance of three-
dimensional treatment planning. Conventional two-
dimensional radiographic assessment provides limited
information regarding root proximity, cortical bone
morphology, and anatomical restrictions. In contrast,
CBCT-based evaluation enables more precise analysis
of patient-specific anatomy and facilitates safer
selection of insertion sites %’

The integration of artificial intelligence into
orthodontic  workflows represents a further
evolution of this personalized approach. Current
literature suggests that Al-assisted systems may
support clinicians by improving anatomical
analysis, automated segmentation, landmark
identification, and prediction of treatment-related
outcomes. In the context of TAD placement, Al
has particular potential for risk stratification by
analyzing three-dimensional imaging data,
identifying unfavorable anatomical conditions,
and assisting clinicians in selecting safer and more
biomechanically appropriate insertion pathways -
12 However, Al should be considered an assistive
technology rather than a replacement for clinical
expertise. Orthodontic treatment involves complex
biological responses, mechanical considerations,

and patient-specific objectives that cannot be fully
determined by automated systems alone. The most
appropriate  future model is likely to involve
collaboration between Al-based analytical tools and
clinician decision-making, where artificial intelligence
provides quantitative information while the orthodontist
determines the final treatment strategy *#%-,

Furthermore, the clinical performance of Al-based
systems depends strongly on the quality, accuracy, and
diversity of the datasets used for model development.
Algorithms trained on specific patient populations or
limited imaging datasets may demonstrate reduced
generalizability when applied to different clinical
environments. The absence of external validation and
multicenter evaluation remains an important challenge
before Al-assisted orthodontic planning can be widely
implemented in routine clinical practice. Future
research should focus on developing standardized
datasets, validating Al models across diverse
populations, and determining whether Al-supported
planning provides measurable improvements in
treatment safety, efficiency, and clinical outcomes 333,

Another important aspect identified in this review is the
need for standardization. Current studies evaluating
TAD success frequently use different definitions of
stability, failure criteria, insertion protocols, loading
conditions, and outcome measures. This
methodological heterogeneity limits direct comparison
between studies and highlights the need for
standardized reporting criteria. Future investigations
should incorporate consistent parameters, including
CBCT-based anatomical measurements, biomechanical
variables, loading protocols, and long-term clinical
outcomes to improve the reliability and comparability
of evidence regarding TAD effectiveness 3+,

6. Limitations

This scoping review has several limitations. First, the
included  studies demonstrated considerable
heterogeneity  regarding study design, patient
populations, TAD characteristics, insertion protocols,
and outcome assessment methods. Due to this
variability, quantitative meta-analysis was not
performed. Second, although digital orthodontics and
artificial intelligence represent rapidly developing
fields, the available evidence regarding Al-assisted
TAD planning remains limited compared with
conventional clinical research. Many Al-related
studies are focused on technical development, image
analysis, or preliminary validation rather than large-
scale clinical implementation. Third, most available
evidence originates from specialized orthodontic
centers with experienced clinicians, which may limit
generalizability to different clinical environments.
Additional multicenter studies involving diverse
patient populations are required to validate the
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effectiveness and reliability of Al-assisted
planning systems.Finally, the proposed Al-
assisted risk assessment approach should be
interpreted as a conceptual clinical decision-
support approach based on current evidence
rather than a universally validated algorithm.
Further prospective studies are necessary to
determine whether Al-guided planning leads to
measurable improvements in safety, efficiency,
and treatment outcomes.

7. Future Perspectives and Emerging Trends

The future development of TAD-assisted orthodontics is
expected to be closely associated with advances in
digital dentistry, artificial intelligence, and personalized
treatment planning.

One emerging direction is the development of fully
integrated digital orthodontic platforms combining
CBCT imaging, intraoral scanning, three-dimensional
simulation, and Al-based analysis. Such systems may
allow automated evaluation of anatomical conditions
and generation of patient-specific anchorage strategies.

Another promising area is the application of machine
learning models for prediction of TAD stability and
failure risk. By analyzing large datasets containing
anatomical, mechanical, and patient-related variables,
future Al systems may identify individuals at higher risk
of complications and recommend preventive strategies.

Computer-guided TAD placement represents another
important trend. Integration of Al-assisted planning with
three-dimensional printing technologies may enable
customized surgical guides that transfer virtual planning
into clinical practice with improved accuracy.
Furthermore, future research may focus on real-time
clinical  decision-support  systems  capable of
continuously integrating treatment progress, orthodontic
force application, and biological response. Such
approaches could contribute to adaptive orthodontic
treatment, where therapeutic strategies are modified
according to individual patient response. Nevertheless,
successful implementation of Al in orthodontics will
require  rigorous  clinical  validation, ethical
considerations,  data  security  protection, and
collaboration between orthodontists, engineers, and data
scientists.

Temporary anchorage devices have become an
essential component of contemporary orthodontic
treatment by providing predictable skeletal
anchorage for a wide range of complex tooth
movements. Their clinical success depends on
appropriate anatomical evaluation, biomechanical

planning, and careful management of patient-specific
factors. The integration of CBCT-based three-
dimensional assessment and artificial intelligence
introduces a new direction toward personalized TAD
planning. Al-assisted systems may improve anatomical
risk assessment, optimize insertion strategies, and support
individualized treatment decisions while maintaining the
essential role of orthodontic clinical expertise. Although
current evidence demonstrates promising potential,
further prospective and multicenter clinical studies are
required to validate Al-based TAD planning systems and
establish  standardized protocols. The future of
orthodontic anchorage is likely to involve a combination
of advanced imaging, artificial intelligence, and clinician-
guided personalized treatment approaches, leading
toward safer, more predictable, and individualized
orthodontic care.
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