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Abstract

Background: Radiological imaging plays a pivotal role in pediatric orthodontics, facilitating
precise diagnosis, treatment planning, and monitoring of craniofacial anomalies and dental
conditions. This narrative review critically evaluates the efficacy and safety of various
imaging modalities in pediatric orthodontics, including cone-beam computed tomography
(CBCT), magnetic resonance imaging (MRI), digital radiography, ultrasound, and emerging
technologies such as artificial intelligence (Al) and low-intensity pulsed ultrasound (LIPUS).
Materials and Methods: The review examines the literature on the use of different imaging
techniques in pediatric orthodontics, focusing on their diagnostic capabilities, radiation
exposure, and clinical applications. Results: While advanced imaging techniques have
revolutionized orthodontic care, they present unique challenges, particularly concerning
radiation exposure in pediatric patients. CBCT has emerged as an invaluable tool for complex
cases, offering detailed three-dimensional visualizations crucial for assessing impacted teeth,
skeletal discrepancies, and temporomandibular joint disorders. However, its higher radiation
dose necessitates judicious use, guided by the ALARA (As Low As Reasonably Achievable)
principle and dose optimization protocols. Alternatives such as MRI and LIPUS provide
radiation-free diagnostic and therapeutic options, underscoring their growing role in pediatric
orthodontics. Digital X-rays, with lower radiation doses and improved patient comfort,
remain essential for routine assessments, while Al-driven technologies enhance diagnostic
accuracy and streamline clinical workflows. Conclusion: The review shows the critical
balance between efficacy and safety in pediatric radiological imaging. Innovations in imaging
technology, such as ultra-low-dose CBCT and Al-based diagnostic tools, are paving the way

for safer, more precise orthodontic care. [GMJ.2024;13:e3698] DOI:10.31661/gmj.v13i.3698
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Introduction vancements in diagnostic and treatment plan-
ning technologies, with radiological imaging

Pediatric orthodontics is at the forefront of playing a central role.
a paradigm shift, driven by substantial ad- The adoption of digital tools such as intra-
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oral scanners and 3D printing has not only
revolutionized this field by facilitating highly
personalized treatment plans as demonstrated
by Ramdan (2023) but also significantly im-
proved the precision of clinical outcomes [1].
In recent years, cone beam computed tomog-
raphy (CBCT) has emerged as a valuable tool
in orthodontic imaging, offering advantages
over conventional radiographic techniques,
particularly in situations where complex ana-
tomic relationships need to be understood [2].
CBCT provides unique features and benefits,
including the ability to visualize the maxillo-
facial skeleton in three dimensions, which is
particularly useful in pediatric patients [3].
However, concerns about radiation dose and
relative risk have led to the development of
new techniques and protocols aimed at min-
imizing exposure, such as reducing the field
of view (FOV) and using alternative imaging
modalities like magnetic resonance imaging
(MRI) [4].

Despite these advancements, the use of CBCT
in pediatric orthodontics remains a topic of
debate, with some studies highlighting its
benefits and others raising concerns about ra-
diation safety [5].

The development and implementation of clin-
ical practice guidelines are critical in guiding
orthodontists toward safe and effective appli-
cation of these technologies for pediatric pa-
tients [6].

Additionally, case-specific studies, such as
those highlighting the identification of super-
numerary teeth by Garcia et al. (2018), under-
score the necessity for early and accurate diag-
noses in preventing subsequent complications
and optimizing therapeutic outcomes [7]. The
transformative potential of three-dimensional
imaging is further exemplified by its applica-
tion in complex orthodontic cases [8].

This review aims to critically assess the ef-
ficacy and safety of radiological imaging
techniques in advancing pediatric orthodon-
tics. By synthesizing the latest research, it
provides a comprehensive overview of their
clinical applications, benefits, and inherent
limitations. Through this rigorous evaluation,
the paper seeks to inform evidence-based
practices and stimulate further innovation in
the field, ensuring optimal care outcomes for
young patients.

Review in Efficacy of Radiological Imaging Techniques in Pediatric Orthodontics

Radiological Imaging Modalities in Pediat-
ric Orthodontics

Conventional X-ray

Radiological imaging in pediatric orthodon-
tics is crucial for diagnosis, treatment plan-
ning, and monitoring. Conventional X-rays
like panoramic and cephalometric images
are foundational but have radiation exposure
concerns. Advanced imaging, such as cone-
beam computed tomography (CBCT), offers
enhanced 3D visualization, improving diag-
nostic accuracy and treatment planning, espe-
cially for complex cases like impacted teeth
and temporomandibular joint disorders [9].
Despite its advantages, low-dose spiral CT is
shown to provide better image quality than
traditional X-rays without significantly in-
creasing radiation exposure [10]. Innovations
in imaging technology, such as digital radiog-
raphy and dose-optimized CBCT, offer prom-
ising solutions to mitigate these risks while
maintaining high diagnostic quality [11-13].
Meanwhile, conventional X-rays continue
to be indispensable in routine orthodontic
practice, particularly for initial evaluations
and less complex cases, due to their cost-ef-
fectiveness, availability, and lower radiation
exposure. Thus, while CBCT is an invaluable
tool for advanced cases, its use in pediatric or-
thodontics requires careful case-by-case con-
sideration to ensure optimal patient safety and
clinical outcomes.

Digital X-ray

Digital X-rays have revolutionized orthodon-
tic diagnostics, providing precise imaging
with lower radiation doses compared to con-
ventional methods. Studies underscore their
value in routine orthodontic assessments such
as cephalometric and panoramic imaging,
which are foundational for diagnosing mal-
occlusions and planning treatment. Research
comparing digital panoramic radiographs
with CBCT has demonstrated that while dig-
ital X-rays offer lower radiation exposure,
CBCT is preferred in complex cases requiring
3D visualization [14, 15]; but, CBCT delivers
the highest doses, particularly in adolescents,
compared to panoramic and cephalograph-
ic imaging [14]. Digital imaging techniques
also enable innovative diagnostic approaches,
such as using thumb radiographs for assessing
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skeletal maturation [16].

Advancements in digital radiography have
further improved patient comfort and di-
agnostic outcomes. For instance, phosphor
plates are shown to be more patient-friendly
than traditional sensors due to their flexibil-
ity, making them suitable for pediatric pa-
tients [17]. Additionally, digital radiograph-
ic records enhance data storage and sharing
while reducing environmental waste, aligning
with modern clinical and research needs [18].
However, practitioners are urged to adhere to
the principle of keeping radiation exposure
“as low as reasonably achievable” (ALARA),
especially for children whose tissues are more
radiosensitive [19].

Cone-Beam Computed Tomography (CBCT)
CBCT has emerged as a transformative diag-
nostic tool in pediatric orthodontics, offering
three-dimensional (3D) imaging capabilities
that surpass traditional radiography. It pro-
vides enhanced visualization of the cranio-
facial skeleton, teeth, and surrounding struc-
tures, making it invaluable for complex ortho-
dontic cases, such as impacted teeth, craniofa-
cial anomalies, and planning for orthognathic
surgeries [20]. Studies demonstrate CBCT’s
utility in evaluating airway morphology in
obstructive sleep apnea cases and precise lo-
calization of temporary skeletal anchorage
devices. However, its use should be justified
based on clinical needs, considering its higher
radiation dose relative to conventional X-rays
[21, 22].

Despite its advantages, CBCT’s higher radi-
ation exposure has raised concerns, particu-
larly in pediatric patients with greater radio-
sensitivity. Optimized imaging protocols and
careful clinical judgment are essential to bal-
ance the diagnostic benefits against potential
risks [23].

A study have identified specific scenarios
where CBCT adds significant value, such as
assessing root resorption, determining the lo-
cation of unerupted teeth, and evaluating skel-
etal discrepancies [24]. Its indications in pedi-
atric orthodontics are carefully categorized to
ensure its application aligns with clear clini-
cal benefits, such as pre-surgical diagnostics
in cleft palate cases or advanced analysis of
dentofacial anomalies [25].

Magnetic Resonance Imaging (MRI)
Magnetic Resonance Imaging (MRI) has
emerged as a powerful diagnostic modality
in pediatric orthodontics, providing unpar-
alleled advantages over traditional imaging
techniques, particularly for children. Unlike
ionizing radiation-based tools such as X-rays
or CT scans, MRI employs magnetic fields
and radiofrequency waves, ensuring safety for
repeated use in younger patients. MRI is par-
ticularly valuable for assessing dental and cra-
niofacial anomalies, such as impacted teeth,
supernumerary teeth, and dental abnormali-
ties like gemination and dilacerations. Studies
have demonstrated that MRI allows for pre-
cise three-dimensional (3D) localization and
morphology evaluation of impacted teeth and
adjacent structures without exposing children
to radiation [26, 27]. Its high soft-tissue con-
trast makes it ideal for assessing temporoman-
dibular joint (TMJ) disorders and craniofacial
abnormalities, areas where conventional radi-
ography often lacks resolution [28].
Guidelines from professional societies like
Guidelines of the Polish Orthodontic Society
(PTO) and the Polish Medical Radiological
Society highlight the compatibility of MRI
with orthodontic materials, which typically
do not interfere with imaging when made of
titanium or ceramics, although stainless steel
components may cause artifacts in specific
areas. These artifacts can affect diagnostic
accuracy, particularly in the regions close to
orthodontic appliances, such as the mandible
or hard palate [29, 30]. Nonetheless, advanc-
es in MRI-compatible orthodontic materials
and optimized protocols have significantly
reduced these issues. MRI also proves useful
in orthodontic treatment planning and surgi-
cal preparation, particularly for conditions
requiring detailed visualization of soft tissues
or complex anatomical relationships [31]. Its
role in monitoring TMJ health, airway assess-
ment, and orthodontic treatment outcomes
further underscores its relevance [32].
Overall, MRI represents a highly beneficial,
non-invasive tool in pediatric orthodontics,
addressing key diagnostic needs with its abil-
ity to produce detailed 3D images, eliminate
radiation exposure, and provide soft-tissue
contrast not achievable with other modalities.
Future innovations in MRI protocols and ma-
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terials will likely enhance its utility, making it
an indispensable adjunct in orthodontic diag-
nostics and treatment planning.

Ultrasound and other emerging technologies
Ultrasound has gained prominence as a
non-invasive and radiation-free imaging and
therapeutic modality in pediatric orthodon-
tics. Advanced ultrasound techniques, such
as low-intensity pulsed ultrasound (LIPUS),
have demonstrated promising results in en-
hancing orthodontic treatment outcomes by
accelerating bone remodeling, tooth move-
ment, and tissue regeneration. LIPUS has been
shown to reduce treatment time and complica-
tions like root resorption by stimulating osteo-
blast activity and promoting cementum repair
[33, 34]. Moreover, the application of LIPUS
has been extended to mitigate orthodontically
induced inflammatory root resorption, partic-
ularly in complex cases such as those involv-
ing osteoporotic conditions [35]. LIPUS has
been shown to enhance bone remodeling and
periodontal regeneration, helping to shorten
orthodontic treatment time while reducing
complications like root resorption. A study
highlighted its effectiveness in both clinical
and experimental settings, with LIPUS nor-
malizing tooth movement and attenuating
inflammatory root resorption in osteoporotic
models, offering promising applications for
postmenopausal patients [35]. Furthermore,
its ability to reduce orthodontic treatment du-
ration by nearly 50% when used with clear
aligners underlines its potential as a valuable
adjunct in modern orthodontics [36]. In addi-
tion to accelerating tooth movement, LIPUS
significantly decreases root resorption and
promotes cementum repair during orthodontic
force application, further reinforcing its pro-
tective role [37].

Clinical trials and histological studies provide
robust evidence supporting LIPUS’s efficacy.
Low-Intensity Pulsed Ultrasound (LIPUS)
enhances bone remodeling, odontoblast ac-
tivity, and periodontal ligament cell counts in
both normal and diabetic mandible slice organ
cultures during orthodontic force application
[38]. The technology is also effective in re-
ducing pain during orthodontic treatment and
enhancing patient comfort, making it partic-
ularly beneficial for long-duration therapies
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[39]. Its ability to prevent inflammatory root
resorption and accelerate bone formation has
been validated in both canine and human stud-
ies [40]. LIPUS’s applications extend beyond
orthodontics, with studies demonstrating its
role in periodontal regeneration, TMJ protec-
tion, and dentin-pulp repair [41]. Collective-
ly, these findings highlight LIPUS as a ver-
satile tool that not only accelerates orthodon-
tic progress but also enhances the safety and
quality of care in diverse clinical scenarios.
In addition to therapeutic uses, advanced imag-
ing technologies have significantly enhanced
diagnostic capabilities. Techniques such as
3D and 4D ultrasound provide high-resolu-
tion imaging for detailed anatomical assess-
ments, particularly for soft tissue and dental
anomalies. Innovations like elastography, ul-
trafast Doppler, and microbubble-enhanced
imaging improve the evaluation of tissue
stiffness and blood flow, proving beneficial
for orthodontic diagnostics in children who
may not tolerate lengthy or invasive proce-
dures [42]. These technologies complement
other emerging tools like focused ultrasound,
which offers non-invasive therapeutic appli-
cations for managing craniofacial and mus-
culoskeletal anomalies [43]. Together, these
advancements illustrate a paradigm shift in
pediatric orthodontics, integrating precision
technologies to enhance diagnostic accuracy,
treatment efficiency, and patient safety.
Beyond ultrasound, other emerging technol-
ogies are shaping the future of orthodontics.
Artificial intelligence (AI) and machine learn-
ing are transforming diagnostics and treat-
ment planning by analyzing dental images
with greater precision, while 3D printing is
enabling the creation of custom-made align-
ers and orthodontic appliances that enhance
treatment efficiency and personalization [44].
Focused ultrasound, a non-invasive alterna-
tive to surgery, is being used to treat craniofa-
cial anomalies and vascular conditions safely
and effectively [43]. Additionally, augmented
reality (AR), virtual reality (VR), and smart
orthodontic devices with integrated sensors
are enhancing patient engagement, improving
compliance, and allowing real-time monitor-
ing of treatment progress [45, 46]. Together,
these innovations are driving a paradigm shift
toward precision and personalized orthodon-
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tics, ensuring safer, more effective, and pa-
tient-centered care.

Enhancing Diagnosis, Treatment Planning,
and Radiation Safety

CBCT offers unparalleled diagnostic capabili-
ties for complex anatomical evaluations, such
as identifying impacted canines, root resorp-
tion, and cleft lip/palate cases, with superior
accuracy in assessing condylar morphology
and spatial relationships [47]. It also enhances
quantitative dental measurements like overjet,
overbite, and inter-arch dimensions, making
it invaluable for treatment planning [48, 49].
Emerging techniques like 3D cephalometry
and 3D photogrammetry are reshaping di-
agnostic workflows, with 3D cephalometry
improving landmark identification and 3D
photogrammetry providing cost-effective
surface reconstructions [50, 51]. Traditional
lateral cephalometry remains widely used for
its reliability in landmark identification and
growth pattern analysis [52]. Al integration
in CBCT, such as deep convolutional neural
networks for automated tooth segmentation,
significantly improves diagnostic efficiency
and accuracy [53]. These advancements col-
lectively enhance the precision, safety, and
personalization of orthodontic care, driving
better functional and esthetic outcomes. Ad-
ditionally, CBCT’s integration with surgical
guides enhances mini-implant placement pre-
cision, and its use in evaluating TMJ health
and jaw asymmetries is critical for functional
appliances and surgical interventions [47, 54].
Digital radiography and 3DX dental imaging
further improve diagnostic capabilities with
lower radiation doses and clearer visualiza-
tion [55-58]. The ALARA (As Low As Rea-
sonably Achievable) principle is foundational,
emphasizing justification, optimization, and
dose minimization. Abdelkarim (2015) stress-
es the need for patient-specific radiograph-
ic prescriptions and adherence to ALARA
to balance diagnostic benefits with radiation
risks [19]. Jacobs et al. (2018) highlight that
cleft palate patients face up to five times more
cumulative radiation exposure, underscoring
the importance of dose optimization in high-
risk groups [59]. Global initiatives like Image
Gently and Image Wisely, discussed by Song

(2016), advocate for tailored imaging proto-
cols and international collaboration to en-
hance radiation safety in pediatric populations
[60]. Advances in technology, such as digital
radiography and CBCT, have significantly im-
proved dose management, offering enhanced
imaging quality at reduced radiation levels.
Schaetzing (2004) highlights dose-reduction
techniques in modern radiography systems,
including improved image processing and pe-
diatric-specific protocols [61]. Another study
emphasizes balancing CBCT’s diagnostic ad-
vantages with potential risks, especially giv-
en its higher doses compared to 2D imaging
methods [62]. Aps (2013) warns that while
3D imaging offers superior diagnostic clari-
ty, it must be used judiciously to prevent un-
necessary radiation exposure, advocating for
2D imaging where clinically sufficient [63].
Efforts to minimize exposure extend beyond
technology to include improved clinical prac-
tices and regulatory guidelines. Abdelkarim
and Jerrold (2018) propose comprehensive
risk management strategies, such as adequate
radiograph interpretation and limiting imaging
to clinically necessary scenarios [64]. Ludlow
et al. (2008) emphasize that using digital re-
ceptors, rectangular collimation, and faster
film speeds can significantly lower effective
radiation doses [65]. Caird (2015) highlights
the need for enhanced radiation safety aware-
ness among clinicians, advocating for train-
ing, proper shielding, and optimized protocols
to reduce exposure during diagnostic and in-
traoperative imaging [66]. Collectively, these
strategies ensure a multifaceted approach to
radiation safety in pediatric orthodontics. The
integration of intraoral scanners and CAD/
CAM technology has streamlined workflows,
replacing traditional impressions with digi-
tal models and facilitating the fabrication of
custom appliances like aligners and retainers
[67, 68]. Digital workflows, incorporating 3D
imaging, videography, and cloud-based sys-
tems, have enhanced accessibility and collab-
oration. Software tools now integrate CBCT
data, 3D facial imaging, and virtual treatment
simulations, improving patient communica-
tion and treatment planning [69]. Digital vid-
eography captures dynamic functions such as
speech and oral pharyngeal movements, en-
hancing diagnostic accuracy and treatment ef-
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ficiency [70]. Al and machine learning (ML)
have further revolutionized orthodontics. par-
ticularly in image analysis and treatment plan-
ning. Al algorithms automate cephalometric
landmark identification, bone age estimation,
and skeletal classification, achieving accura-
cy comparable to expert clinicians [71]. ML
models predict treatment outcomes, such as
tooth movement and alignment, offering per-
sonalized and data-driven care [72]. Al also
enhances appliance design and remote mon-
itoring, enabling real-time adjustments and
precision in aligner and bracket fabrication
[73]. Future trends in pediatric orthodontic
imaging, including multimodal systems and
advancements in genomics and proteomics,
promise to provide comprehensive evalua-
tions and personalized care [44]. Augmented
reality (AR) and virtual reality (VR) enhance
education, patient consultations, and surgical
training [74-76]. Tele-orthodontics, through
platforms like Dental Monitoring™, offer re-
mote care, ensuring continuity and improving
efficiency [77-79].

Clinical Implications and Recommenda-
tions in Radiological Imaging for Pediatric
Orthodontics

The clinical application of radiological im-
aging in pediatric orthodontics demands ad-
herence to best practices, ensuring safety and
efficacy. Guidelines developed by the Europe-
an Academy of Paediatric Dentistry (EAPD)
emphasize individualized patient-specific
justification when prescribing dental radio-
graphs. These recommendations include the
ALADALIP principle (As Low As Diagnosti-
cally Achievable, being Indication-Oriented
and Patient-Specific) to optimize radiation
exposure and minimize risks [80, 81]. Sim-
ilarly, the American Academy of Oral and
Maxillofacial Radiology (AAOMR) advises
that CBCT should only be used when conven-
tional methods are insufficient, emphasizing
justification and dose minimization for young
patients [20].

Recommendations for clinicians focus on se-
lecting imaging techniques based on clinical
necessity. Panoramic radiographs are often
recommended during treatment planning,
while lateral cephalograms and intraoral ra-
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diographs may be necessary for specific di-
agnostic tasks [82]. The British Orthodontic
Society (BOS) advocates for radiographic
exposure only when the benefits outweigh
the risks, discouraging routine radiographs
for all orthodontic cases [83]. Furthermore,
advanced imaging technologies, such as 3D
CBCT, are reserved for complex anatomical
evaluations where conventional imaging fails
to provide sufficient detail [84].

Policy implications for healthcare systems
include promoting education and training for
clinicians on radiation protection and imaging
optimization techniques. Surveys reveal a lack
of awareness among some practitioners about
dose-reduction strategies, such as rectangu-
lar collimation and the Image Gently Cam-
paign [85]. Radiologists are encouraged to
lead educational initiatives to improve adher-
ence to guidelines and promote patient safety
[86]. Additionally, adopting structured deci-
sion-making tools, such as those proposed by
the Children’s Oncology Group, ensures stan-
dardized imaging practices and minimizes un-
necessary exposure for pediatric patients [87].
In addition to best practices, clinicians must
integrate advanced technologies responsi-
bly into their diagnostic workflows. While
CBCT offers unparalleled diagnostic clarity
for complex orthodontic cases, its use should
be carefully justified to balance the benefits
against potential risks, especially in pediatric
patients. Evidence suggests that CBCT should
be reserved for evaluating impacted teeth, jaw
anomalies, or other conditions where conven-
tional imaging methods are insufficient [20].
Alternatives such as panoramic radiographs
and lateral cephalograms remain the mainstay
for routine diagnostic needs, as they deliver
lower radiation doses while providing essen-
tial information for orthodontic planning [84].
Educating clinicians about these hierarchies
of imaging modalities ensures optimal patient
care and safeguards against overexposure.
Healthcare systems also have a crucial role in
supporting clinicians through policy develop-
ment and resource allocation. The promotion
of standardized imaging protocols, such as
those outlined by the British Orthodontic So-
ciety (BOS), is instrumental in reducing vari-
ability in radiographic practices and ensur-
ing adherence to the ALARA principle [83].
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Further, healthcare systems should prioritize
access to modern imaging tools and training
programs for clinicians, promoting awareness
of dose-reduction techniques like collima-
tion and digital imaging advancements [85].
Collaborative efforts between policymakers,
radiologists, and orthodontists can ensure
that pediatric radiological imaging remains
both effective and safe, paving the way for
improved patient outcomes while mitigating
long-term risks associated with radiation ex-
posure.

Conclusion

Radiological imaging has revolutionized pe-
diatric orthodontics by enhancing diagnostic
accuracy, treatment planning, and monitor-
ing. Advanced techniques like CBCT, MRI,
and emerging methods such as ultrasound and
Al-driven analysis offer unparalleled preci-

sion, but their use must balance clinical bene-
fits with safety risks, especially in vulnerable
pediatric populations. CBCT remains essen-
tial for complex cases, requiring strict adher-
ence to the ALARA principle to minimize
radiation exposure. Digital imaging and Al
technologies improve efficiency, while MRI
and low-intensity pulsed ultrasound provide
radiation-free alternatives. Future research
should focus on refining these technologies,
developing ultra-low-dose options, and con-
ducting longitudinal studies to ensure long-
term safety and efficacy. Balancing diagnostic
accuracy with patient safety through innova-
tion and evidence-based practices is crucial
for optimal outcomes in pediatric orthodon-
tics.
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