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Abstract

~

Three-dimensional (3D) scanning technologies have become essential in medicine, dentistry, and industrial applications due to their accuracy
and efficiency. Optical 3D scanning systems are capable of generating high-resolution, geometrically precise models of patients that are suitable
for medical applications. (1) At the same time, 3D scanners are now widely used to capture data for creating 3D models of real-world objects,
environments, and human forms. While non-ionizing scanners such as intraoral optical devices emit no ionizing radiation, radiographic systems
like cone-beam computed tomography (CBCT) involve measurable radiation exposure. (2) In medicine, various imaging techniques such as
X-rays, computed tomography (CT) scans, magnetic resonance imaging (MRI), and ultrasound are widely utilized. Since patient data differs
individually, 3D scanning technologies are employed to generate digital 3D models for accurate visualization. Recent studies emphasize balancing
diagnostic benefits with radiation safety, particularly in orthodontics where CBCT is widely used. (3) Radiological imaging is essential in pediatric
orthodontics, enabling accurate diagnosis, treatment planning, and monitoring of craniofacial and dental abnormalities. This narrative review
examines the effectiveness and safety of different imaging techniques in this field, including CBCT, MR, digital radiography, ultrasound, as well
as emerging approaches like artificial intelligence (AI) and low-intensity pulsed ultrasound (LIPUS). (4) The literature search was conducted
using the Google Scholar and PubMed databases, employing the following keywords: Linear No-Threshold (LNT); Biologic Effects of Ionizing
Radiation (BEIR VII); As Low As Reasonably Achievable (ALARA); As Low As Diagnostically Acceptable (ALADA); and As Low As Diagnostically

Acceptable, being Indication-oriented and Patient-specific (ALADAIP). (5)
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Introduction

The integration of 3D scanning technologies has transformed diagnostic
and therapeutic practices across multiple disciplines (6). In dentistry
and orthodontics, accurate visualization of craniofacial structures has
improved treatment planning and outcome prediction (7). However, the
use of ionizing radiation in some scanning modalities raises concerns
regarding long-term safety, particularly for younger patients more
sensitive to radiation (8). As CBCT has gained popularity, debates
over its justification in routine orthodontic practice have intensified
(9). Conversely, intraoral optical scanners have provided radiation-free
alternatives, facilitating digital workflows without compromising patient
safety (10). Thus, understanding the radiation considerations of different
3D scanners is vital for clinicians, patients, and regulatory bodies (11).

The increasing integration of three-dimensional (3D) technologies
in orthodontics has significantly transformed diagnostic workflows,
treatment planning, and outcome assessment by enabling more accurate
representation of craniofacial structures (2,3,23).

Among these technologies, optical 3D scanners and radiological
imaging systems such as conebeam computed tomography (CBCT) and
conventional computed tomography (CT) differ fundamentally in their
interaction with ionizing radiation, which has important clinical and
ethical implications in orthodontic practice (1,5,6).

General Information

3D scanners can be broadly divided into optical non-ionizing devices
and radiographic ionizing systems (12). Optical intraoral scanners
operate by projecting structured light or laser beams, capturing reflected
signals to generate accurate digital impressions of dental arches (13).
These systems do not expose patients to ionizi3ng radiation, though
laser classification guidelines must be observed to prevent potential
ocular risks (14). Their increasing adoption in orthodontics demonstrates
the potential of radiation-free alternatives to conventional radiographic
imaging (15). By contrast, CBCT scanners emit X-rays to create
volumetric images, offering superior detail for craniofacial analysis,
impacted teeth evaluation, airway studies, and surgical planning (9, 16).
Radiation exposure from CBCT is significantly lower than multi-slice
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medical CT but higher than traditional panoramic radiography (10).
For orthodontic purposes, the justification of CBCT use is crucial, as
excessive reliance on volumetric imaging without diagnostic necessity
contradicts ALARA principles (17). Professional organizations and ISO
guidelines strongly recommend limiting CBCT to cases where added
diagnostic value can alter treatment outcomes (7).

Comparative studies highlight that effective doses from CBCT vary
depending on machine design, exposure settings and field of view
(4, 5). Optimizing scanning parameters such as collimation, voltage,
and current can significantly reduce radiation exposure without
compromising diagnostic utility (8). Furthermore, advancements in
reconstruction algorithms have enabled further dose reductions, making
newer CBCT units safer while maintaining high image quality (12).

Industrial and forestry applications of CT-based 3D scanners also
demonstrate radiation concerns, particularly in workplaces where
repeated exposure to scanning systems is possible (10). Proper shielding,
occupational dose monitoring, and adherence to safety protocols
are necessary to mitigate risks in non-medical contexts (11). Studies
of industrial CT workplaces confirm the effectiveness of radiation
protection programs in reducing operator exposure to negligible
levels when standards are observed (3). Radiation dose metrics play a
crucial role in comparing and evaluating 3D imaging modalities (18).
Effective dose, measured in millisieverts (mSv), provides an estimate of
biological risk by weighting organ sensitivities, while dose-area product
(DAP) and organ dose measurements supply additional context (19).
Estimation techniques include phantom measurements, Monte Carlo
simulations, and conversion factors validated in large-scale studies (6).
Accurate dose reporting is essential for harmonizing research findings
and guiding clinical practice (7).

The most frequent radiographic examination for children is a
dental radiographic examination (20). Pediatric patients represent a
particularly sensitive group, with greater tissue radiosensitivity and
longer lifetime cancer risk horizons (8). Guidelines recommend limiting
CBCT in children to cases where diagnostic yield cannot be achieved
through lower-dose alternatives (9). Optimization measures in pediatric
protocols include minimizing exposure time, tailoring the field of view,
and using age-specific settings (10). Operator exposure during X-ray—
based scanning is generally low when proper shielding and safety
measures are in place, yet continued monitoring is recommended (11).
Regulatory frameworks mandate controlled zones, warning systems,
and compliance with occupational dose limits (17). Optical scanners,
while non-ionizing, still necessitate laser safety measures such as
signage and protective eyewear where appropriate (21). Manuals for
commercial 3D devices provide detailed safety labeling and operating
guidelines to ensure compliance (22). Optical 3D scanners operate
using visible light, structured light, or laser-based surface acquisition
techniques and do not emit ionizing radiation, making them inherently
safe from a radiobiological perspective (2,3,11). These systems are
increasingly used for intraoral scanning, facial surface imaging, and
model digitization in orthodontics, providing high-resolution surface
data without exposing patients to radiation-related risks (23,1).
Several studies have confirmed that optical 3D scanners demonstrate
sufficient accuracy and reproducibility for orthodontic measurements,
appliance fabrication, and longitudinal monitoring, further supporting
their clinical utility as radiationfree alternatives (1,16,23). In contrast,
CBCT and medical CT imaging rely on ionizing radiation to generate
volumetric datasets of hard and soft tissues, which introduces potential
stochastic and deterministic biological effects (6,8,18). CBCT has
become widely adopted in orthodontics due to its ability to visualize
impacted teeth, root resorption, airway morphology, and craniofacial
asymmetries with greater detail than conventional two-dimensional
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radiography (9,17,22). However, CBCT radiation doses are substantially
higher than those of traditional panoramic or cephalometric radiographs,
raising concerns regarding cumulative exposure, especially in younger
patients (10,14,18). The effective radiation dose from CBCT varies
widely depending on factors such as field of view (FOV), voxel size,
exposure parameters, device model, and imaging protocol (8,15,19).
Systematic reviews have shown that although CBCT delivers lower
doses than multi-slice CT (MSCT), it still contributes a nonnegligible
radiation burden compared to non-ionizing imaging modalities (10,14).
Pediatric and adolescent orthodontic patients are particularly vulnerable
to radiation effects due to their higher tissue radiosensitivity and longer
expected lifespan, which increases the probability of radiation-induced
stochastic effects (4,20).

Radiological protection principles such as ALARA (As Low
As Reasonably Achievable), ALADA (As Low As Diagnostically
Acceptable), and the more recent ALADAIP (As Low As Diagnostically
Acceptable being Indication-oriented and Patient-specific) have
therefore become central to orthodontic imaging guidelines (5,21).
These principles emphasize justification of imaging, optimization of
exposure parameters, and selection of the lowest-dose modality capable
of answering the clinical question (5,24). Professional organizations
and regulatory bodies strongly recommend that CBCT should not be
used routinely in orthodontics but reserved for cases where additional
diagnostic information cannot be obtained by lowerdose methods
(7,17). Optical 3D scanners align well with radiation protection
frameworks because they completely eliminate radiation exposure
while still supporting many orthodontic diagnostic and treatment tasks
(2,23). Facial and intraoral scanning can be used to document growth
changes, assess soft tissue morphology, fabricate aligners, and monitor
treatment progress without repeated radiographic examinations (1,3). As
a result, optical scanners are increasingly promoted as first-line tools
in orthodontic workflows, particularly for follow-up assessments and
digital record keeping (23).

Nevertheless, optical 3D scanners have inherent limitations, as
they cannot visualize internal anatomical structures such as tooth
roots, alveolar bone, or temporomandibular joint components (2,9).
Consequently, radiological imaging remains indispensable in selected
orthodontic scenarios, including evaluation of impacted teeth,
pathologies, skeletal discrepancies, and complex treatment planning
(17,22). In these situations, careful protocol selection, dose reduction
strategies, and strict adherence to international radiation safety standards
are essential to minimize patient risk (12,21,25).

Technological advances in CBCT hardware and software have
contributed to significant dose reductions through improved detector
efficiency, pulsed exposure, adaptive collimation, and optimized
reconstruction algorithms (12,15). Recent studies indicate that modern
CBCT units can achieve diagnostically acceptable image quality at
substantially lower doses than earliergeneration systems, although dose
variability between devices remains considerable (10,12). Despite these
improvements, CBCT doses still exceed those associated with optical
3D scanning, reinforcing the importance of modality selection based on
clinical necessity rather than convenience (5,18). International standards
published by the International Organization for Standardization (ISO)
provide guidance on radiation safety, dose measurement techniques,
and equipment performance requirements for medical imaging systems
(24,25,26). Compliance with these standards supports quality assurance,
patient protection, and consistency in imaging practices across
orthodontic clinics (24,26). Incorporating radiation safety education
into orthodontic training programs further enhances clinicians’ ability to
make informed imaging decisions and communicate risks effectively to
patients and caregivers (21).
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Integration of 3D scanning into radiotherapy has reduced reliance on
repeated radiographs by using surface scans for patient positioning,
immobilization, and bolus design (15). Such approaches can lower
cumulative ionizing dose while maintaining treatment precision (10).
Hybrid imaging strategies that combine surface scanning with limited
CBCT acquisition have demonstrated potential to balance diagnostic
needs with reduced radiation risk (16). Emerging technologies, including
portable CBCT and dose-optimized CT models, promise to further
reduce radiation exposure without compromising image quality (11).
Innovations such as iterative reconstruction algorithms and detector
efficiency improvements are being introduced by manufacturers to
meet clinical demand for dose optimization (1). However, independent
validation studies are necessary to confirm real-world dose reductions

).

Standards and guidelines evolve continuously, with agencies such as the
FDA, ISO, and professional societies issuing updated recommendations
for radiation safety and 3D imaging practices (7). These frameworks
stress education, justification, optimization, and documentation as
pillars of safe imaging (6). Professional training ensures that clinicians,
technologists, and engineers understand modality-specific risks and are
equipped to select the safest imaging path (9). Future research priorities
include standardizing dose metrics across manufacturers, evaluating
cumulative risks of repeated low-dose CBCT scans, and expanding
hybrid approaches that leverage non-ionizing surface scanning to
reduce overall radiation burden (8). Addressing these gaps will enhance
both patient safety and diagnostic efficiency in the growing field of 3D
scanning (3).

Conclusion

In conclusion, radiation considerations play a critical role in the
selection and application of 3D imaging technologies in orthodontics,
particularly given the young age of most patients and the increasing
availability of advanced digital tools (4,5). Optical 3D scanners offer
a radiationfree, accurate, and versatile solution for many orthodontic
applications and should be prioritized whenever internal anatomical
information is not required (1,2,23). When radiological imaging such
as CBCT is justified, strict adherence to radiation protection principles,
dose optimization strategies, and international safety standards is
essential to ensure that the benefits of imaging outweigh the potential
risks (5,17,24).

Today, intraoral scanners are routinely used in orthodontics, and
devices of the same generation from different manufacturers exhibit
nearly equivalent accuracy. In 1999, Orthocad (Czestochowa, Poland)
launched the first version of its software, enabling the analysis of digital
orthodontic casts after proper scanning at the company’s headquarters—
an innovation regarded as the entry of 3D models into orthodontics.
Since then, scanner technology has advanced greatly, delivering high-
quality mapping of both hard and soft tissues and offering a reliable
alternative to traditional plaster models. (23) 3D scanning technologies
provide invaluable tools across medical, industrial, and cultural
domains, but their radiation implications vary significantly depending
on modality (24). Optical systems rely on non-ionizing radiation, posing
minimal health risks when laser safety standards are followed (1, 11). In
contrast, ionizing modalities such as CBCT and CT necessitate careful
adherence to radiological protection principles, including justification,
optimization, and compliance with international regulations (7, 25).
Dose reduction strategies, occupational protection, and pediatric-
specific protocols are essential to minimize risks (8, 26). As technology
evolves, hybrid imaging solutions and continuous quality assurance will
play a central role in balancing diagnostic utility with radiation safety.
In the coming years, a key challenge will be identifying novel ways to
apply digital impressions within orthodontic practice. (23)
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