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Abstract

This review explores the vital role of orthodontic specialty and orthodontic records in
forensic investigations, emphasizing their contribution to human identification. It synthe-
sizes current literature on methodologies, advantages, limitations, and future perspectives,
positioning orthodontics as a valuable adjunct within the forensic toolkit. Collaboration
between orthodontists, forensic scientists, and AI technologies will further strengthen
the reliability and speed of human identification, reinforcing justice and humanitarian
efforts worldwide.

Keywords: forensic odontology; forensic dentistry; orthodontics; human identification;
dental records; post-mortem comparison

1. Introduction
Forensic science integrates multiple scientific disciplines to address legal questions

related to criminal and civil investigations. Forensic odontology focuses on the examination,
handling, and presentation of dental evidence in the interest of justice [1,2].

Forensic odontology is particularly important in identifying human remains in cases
involving severe disfigurement due to fire, accidents, or mass disasters. The discipline is
based on the principle that each individual’s dentition is unique, even among twins. Core
areas of forensic odontology include the identification of deceased individuals, assistance
in legal proceedings such as malpractice or criminal cases, bite-mark analysis, and the use
of dental records, radiographs, and DNA for identity and age determination [1,3,4].

Age estimation in living individuals has both legal and humanitarian significance,
particularly in criminal proceedings, immigration cases, competitive sports, and human
trafficking investigations. It is especially relevant in cases involving unaccompanied or
asylum-seeking minors who lack valid identification documents. Accurate dental age
estimation, therefore, remains a critical aspect of forensic practice [5,6]. Traditional age
estimation methods rely on expert assessment of radiographic morphological features,
such as tooth development stages and cervical vertebral maturation. These approaches do
not always correlate with chronological age, are time-consuming and subject to observer
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variability. Recent advances in deep learning have enabled automated and objective
methods that learn age-related patterns from large imaging datasets [7–12].

Teeth are the most durable structures in the human body and frequently survive
decomposition, fire, and trauma. As a result, forensic odontology provides a cost-effective
and rapid identification method when more definitive methods such as fingerprinting,
visual recognition or DNA analysis are not feasible. Comparison of ante-mortem (AM)
and post-mortem (PM) data may result in positive identification, possible identification,
insufficient evidence, or exclusion [1].

Dental structures, restorations, and orthodontic appliances often withstand conditions
that destroy other tissues [13]. Based on detailed AM records from general dentists and
dental specialists, which are compared to PM data, forensic dentistry can serve as a reliable
technique for identifying deceased individuals [3]. The unique morphology of the dental
arch also plays a pivotal role in this process. Key parameters such as inter-canine width,
intermolar width and arch length exhibit gender-specific variations that are crucial for
individual identification [14–16] and provide a non-invasive and reliable means of foren-
sic analysis, particularly in cases of mass disasters or unidentified human remains [17].
Forensic identification of unknown deceased individuals involves primary and secondary
methods; primary identification relies on scientific evidence like DNA analysis, fingerprint
analysis, and odontogram assessment, while secondary identification is a complementary
method that includes examining physical characteristics [18].

Orthodontics, the specialized branch of dentistry dedicated to the diagnosis and
correction of malocclusion and craniofacial irregularities, contributes uniquely to this
field. Orthodontic records, including dental casts, radiographs, photographs, and digital
treatment files, provide distinctive, longitudinal, and highly individualized information
about a patient’s craniofacial anatomy. These records are often meticulously maintained
over extended treatment periods, offering a comprehensive archive that can be invaluable
in forensic investigations [19–21]. The increasing frequency of disasters necessitates the
importance of forensic dentistry in legal contexts, emphasizing the need for orthodontists
to maintain comprehensive records [1,22].

The relevance of orthodontics in forensic contexts has increased with advances in
imaging technology, the digitization of patient records, and the widespread use of fixed
and removable appliances that leave identifiable markers on dentition and supporting
bone. Such orthodontic documentation not only facilitates the positive identification of
individuals but also contributes to age estimation and the reconstruction of biological
profiles. For example, orthodontic treatment-induced changes in craniofacial structures can
affect the accuracy of facial recognition methods; however, advanced three-dimensional
model superimposition techniques remain reliable for forensic comparison [23].

This review explores the vital role of the orthodontic specialty and orthodontic records
in forensic investigations, emphasizing their contribution to human identification. It dis-
cusses how detailed dental documentation, such as casts, radiographs, treatment notes,
and digital files, can assist in identifying individuals when other methods fail. The paper
highlights the importance of meticulous record-keeping by orthodontists to support foren-
sic science in both legal and humanitarian contexts. It synthesizes current literature on
methodologies, advantages, limitations, and future perspectives, positioning orthodontics
as a valuable adjunct within the forensic toolkit.

2. Forensic Odontology: Scope and Applications
2.1. Human Identification and Forensic Workflows

In forensic practice, dental identification is implemented through structured work-
flows based on the systematic comparison of ante-mortem (AM) and post-mortem (PM)
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data. AM information may be obtained from dental practitioners, clinics, hospitals, or
insurance databases and typically includes dental charts, radiographs, clinical photographs,
study models, and orthodontic records. PM data are collected during forensic exam-
ination and involve detailed recording of dental status, restorations, appliances, and
craniofacial features.

The identification process follows established protocols in which AM and PM datasets
are independently compiled and subsequently compared. Concordant findings across
multiple dental features may support positive identification, while partial concordance
may lead to possible identification or exclusion. In cases where dental evidence is incom-
plete, odontological findings are integrated with other forensic identifiers to strengthen
conclusions [18]. The quality, completeness, and availability of AM dental documentation
remain critical determinants of the reliability of the identification outcome.

2.2. Disaster Victim Identification (DVI)

Forensic odontology constitutes a core component of disaster victim identification
(DVI) operations and Interpol guidelines recognize dental and orthodontic records as
primary identifiers in DVI protocols [17]. In mass fatality incidents, dental teams are
responsible for the collection, documentation, and comparison of dental findings as part of
multidisciplinary DVI frameworks. Standardized DVI procedures emphasize the separation
of AM and PM teams, systematic data recording, and controlled reconciliation processes to
ensure accuracy and transparency [1,17,22].

Orthodontic documentation is particularly valuable in DVI contexts due to its longitu-
dinal nature and frequent inclusion of multiple diagnostic modalities. Records obtained
over extended treatment periods increase the likelihood of identifying distinctive features
that can support reconciliation, even when PM remains are fragmented or thermally al-
tered [19–21]. The effectiveness of odontological identification in DVI scenarios is therefore
closely linked to routine clinical record-keeping practices and long-term data preservation.

2.3. Age Estimation and Biological Profiling Applications

In forensic casework, dental age estimation is applied in both deceased and living
individuals, depending on the legal or humanitarian context. In deceased individuals,
age estimation contributes to the narrowing of missing-person lists and supports the
construction of biological profiles. In living individuals, dental age assessment is frequently
requested in judicial proceedings, immigration and asylum evaluations, and age-disputed
cases involving minors [5,6].

Operationally, age estimation is performed using established radiographic and mor-
phological criteria selected according to the individual’s developmental stage and the
available imaging data. Third-molar development and cervical vertebral maturation are
commonly assessed in adolescent and young adult populations, while additional dental
and craniofacial indicators may be used to support age classification [7–9]. The choice of
method is influenced by case circumstances, image quality, and legal requirements.

Beyond age estimation, odontological findings may contribute to broader biological
profiling through the assessment of sex-related dental and craniofacial characteristics.
Measurements of dental arch dimensions and craniofacial morphology may assist forensic
investigations when used in combination with other biological indicators [14–16]. These
applications are supplementary in nature and are interpreted within a multidisciplinary
forensic framework.

Reconstruction of the biological profile represents a central component of forensic
identification. Mandibular morphology has been shown to contribute significantly to sex
determination, with males typically exhibiting larger mandibles, higher rami, more pro-
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nounced gonial angles, greater inter-gonial widths, and more distinct ante-gonial notches,
whereas females tend to present a more gracile mandibular body. A recent study reported
high accuracy for sex classification based on mandibular morphometric features, ranging
from 91% to 93%, supporting their forensic reliability when other methods are unavailable
or impractical [24].

2.4. Bite Mark Analysis

Bite mark analysis involves the examination of both patterned injuries and contextual
circumstances, combining morphological and positional data. Considering the uniqueness
of human dentition, bite marks caused by teeth on skin or impressions on flexible surfaces
may assist in human identification [25].

3. Orthodontic Records in Forensic Identification
3.1. Rationale for the Forensic Value of Orthodontic Records

Orthodontic records constitute a unique category of dental documentation due to their
level of detail, longitudinal nature, and systematic collection over extended treatment peri-
ods. Unlike routine dental records, orthodontic documentation often captures progressive
changes in dental alignment, occlusion, and craniofacial morphology, providing multiple
reference points that may be used for forensic comparison [19–21]. The forensic value of
orthodontic records lies not only in their descriptive richness but also in their frequent
inclusion of multiple diagnostic modalities within a single patient archive.

3.2. Types of Orthodontic Records
3.2.1. Dental Casts/Study Models

Dental casts and study models provide three-dimensional representations of the dental
arches, occlusal relationships, and individual tooth morphology. Subtle variations in tooth
position, rotations, spacing, and arch form are highly individualized and may persist even
after orthodontic treatment. These characteristics make dental casts valuable for forensic
identification when suitable AM is available [19,23,25]. Dental casts have traditionally been
fabricated in plaster and today they are commonly 3D-printed; however, their forensic
utility remains independent of the fabrication method. When preserved adequately, casts
may allow detailed morphological comparison with PM findings or digital reconstructions.
Their value is further enhanced when serial models documenting different treatment stages
are available.

3.2.2. Radiographic Records

Radiographic documentation forms a cornerstone of orthodontic diagnosis and has sig-
nificant forensic applicability. Commonly used orthodontic radiographs include panoramic
radiographs, lateral cephalograms, and periapical images, each providing distinct anatomi-
cal information relevant to identification.

Panoramic radiographs offer a comprehensive overview of dental development, tooth
presence or absence, restorations, and pathological findings. Periapical radiographs provide
high-resolution imaging of individual teeth and surrounding structures, supporting de-
tailed morphological assessment. Lateral cephalometric radiographs document craniofacial
relationships and skeletal morphology, enabling comparison of characteristic anatomical
landmarks. [19,20,26–28].

In a recent study [26], a novel algorithm for extracting cranial patterns from digital
lateral cephalometric radiographs was introduced and evaluated for identification pur-
poses. Due to the unavailability of AM cephalograms from deceased individuals, the
algorithm was tested using pre- and post-treatment cephalograms of living individuals
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from an orthodontic archive, considered as AM and PM data. The proposed algorithm
encodes cranial patterns into a database for future identification. It matches PM cephalo-
grams with AM records, accurately identifying individuals by comparing cranial features.
The algorithm achieved an accuracy of 97.5%, a sensitivity of 97.7%, and a specificity of
95.2%, correctly identifying 350 out of 358 cases. The proposed algorithm shows promise
for identity recognition based on cranial patterns and could be enhanced with artificial
intelligence (AI) algorithms in future studies.

In addition to their clinical orthodontic applications, lateral cephalometric radiographs
have demonstrated forensic utility. Mandibular morphometric measurements, including
condylar height, projective ramus height, and ramus breadth, have shown correlations
with sexual dimorphism, suggesting their potential role in biological sex determination
when other methods are unavailable. Studies have further supported the forensic relevance
of cephalometric measurements in children, emphasizing the need for validation across
diverse populations [28,29].

Cone-beam computed tomography (CBCT) extends the forensic value of orthodontic
radiography by enabling three-dimensional visualization of dental and craniofacial struc-
tures, allowing detection of anatomical details that may not be apparent on conventional
two-dimensional imaging. CBCT datasets permit precise assessment of tooth morphology,
root configuration, bone anatomy, and orthodontic or restorative materials, supporting
forensic identification, age estimation, sex assessment, and evaluation of trauma or surgical
interventions, particularly when conventional radiographs are unavailable or insufficient.
When combined with complementary modalities such as clinical photography, intraoral
and facial scanning, and jaw-tracking technologies, CBCT contributes to the creation of
a comprehensive digital record, integrating anatomical, functional, and morphological
data to enhance the accuracy, reproducibility, and forensic applicability of orthodontic
records [23,29–31].

Beyond general dental assessment, CBCT has demonstrated value in the analysis of
craniofacial morphological variation. A recent study highlighted population-specific differ-
ences in the mandibular coronoid process, condyle, and sigmoid notch, underscoring their
potential contribution to personal identification. Expansion of such investigations to larger
and more diverse populations is necessary to strengthen the forensic and anthropological
applicability of these findings [32].

CBCT applications in forensic dentistry extend across multiple analytical domains.
Age estimation may be supported through evaluation of dental features such as pulp vol-
ume and third-molar development, as well as assessment of spheno-occipital synchondrosis
maturation [33]. Sex determination can be facilitated by analysis of sexually dimorphic cran-
iofacial structures, including mandibular measurements, foramen magnum dimensions,
paranasal sinuses, and mastoid process morphology [34].

In addition, CBCT enables implant backtracking through the identification of dis-
tinctive dental implant designs and configurations. The modality has also demonstrated
high specificity in bite-mark analysis, including evaluation of bite marks on foodstuffs,
while measurements of facial soft-tissue thickness derived from CBCT data contribute to
reconstructive identification by supporting facial approximation techniques [34]. Further-
more, CBCT has proven useful in the assessment of cranial trauma and projectile injuries,
offering detailed visualization of hard-tissue damage with fewer artifacts than conventional
computed tomography in selected forensic scenarios [35].

Although CBCT offers high spatial resolution and three-dimensional reconstruction ca-
pabilities with a lower radiation dose compared to conventional CT, its forensic use remains
subject to certain limitations. These include reduced soft-tissue contrast, susceptibility to
motion artifacts, inability to provide reliable bone density measurements, and restriction
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primarily to cranial and extremity imaging rather than whole-body examination. Despite
these constraints, CBCT is increasingly recognized as a valuable, non-invasive imaging
modality in forensic dentistry, supporting identification and analytical procedures in legal
and forensic contexts [34].

3.2.3. Photographic Records

Photographic documentation is routinely collected in orthodontic practice and in-
cludes both intraoral and extraoral images. Intraoral photographs capture tooth mor-
phology, alignment, occlusion, and soft-tissue characteristics, while extraoral and smile
photographs document facial features and dental display patterns. Smile photographs,
in particular, have been shown to possess forensic relevance due to the reproducibil-
ity of dental exposure patterns and the visibility of distinctive dental features. When
compared with PM images or AM facial photographs, orthodontic photographic records
may support identification, especially in cases where radiographic or cast data are
unavailable [27,30,36–38].

The increasing habit of posting photographs on social media can contribute to forensic
analyses as well and human identification methods based on such photographs have
been reported [39]. Similar to smile photographs, bitemarks usually register the anterior
teeth and count on comparisons of dental anatomy to draw conclusions. Selfies may
lead to possibly distinctive, but not necessarily unique, dental evidence [39]. The use
of AM evidence from individuals with a history of orthodontic treatment in these cases
is of reduced evidence since the morphological dental variables, like angulation and
position, are altered with the alignment of the anterior teeth. Nevertheless, the method for
human identification using smile photos can be combined with others for safer forensic
practices [30].

3.2.4. Digital Orthodontic Records

The increasing adoption of digital workflows in orthodontics has introduced new
forms of forensic-relevant documentation. Intraoral scanners generate precise three-
dimensional digital models of the dentition, capturing surface morphology with high
accuracy. These digital records eliminate issues related to physical storage and degradation
while facilitating rapid sharing and comparison [32,33,37,38,40] (Figure 1).

Figure 1. Superimposition of maxillary digital casts illustrating treatment changes.

Dental profiles derived from digital records can provide valuable insights into an
individual’s age and lifestyle, contributing to forensic investigations even when direct
identification is challenging. Despite this potential, the forensic application of intraoral
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three-dimensional scans remains underexplored. One major challenge in automated com-
parison of AM and PM scans is the presence of soft tissue, which may differ substantially
between datasets. The removal of soft tissue is therefore often necessary prior to analysis;
however, existing methods demonstrate limitations when applied to scans from living
individuals, cases involving missing teeth, or malocclusion. A recent study emphasized the
importance of integrating advanced three-dimensional scanning techniques and automated
solutions in forensic odontology to streamline identification processes [27]. The proposed
grid-cutting method, which involves systematic division of dental images into standardized
grid sections, enables detailed comparison of morphological features and shows potential to
improve the accuracy and efficiency of dental comparisons in forensic contexts. In addition,
analysis of mandibular morphometric indices using digital radiographs and specialized
software has been shown to support sex prediction, with implications for both forensic
anthropology and dental science [27].

In contemporary orthodontic workflows, cone-beam computed tomography data are
frequently combined with intraoral scans and three-dimensional facial images to create
a comprehensive digital representation of the patient, often referred to as the “digital
patient.” CBCT provides the skeletal and internal dental anatomy, while intraoral scans
capture high-resolution crown morphology and facial scans document soft-tissue char-
acteristics. The integration of these datasets allows precise spatial alignment of hard-
and soft-tissue structures, enabling detailed morphological assessment and longitudinal
comparison [24,31–38]. From a forensic perspective, such multimodal digital profiles
enhance the robustness of AM records and may facilitate identification through three-
dimensional superimposition and cross-modal comparison (Figure 2).

 

Figure 2. CBCT-based multimodal digital profiling of the dentition and maxillofacial structures. A
panel of coronal CBCT slices with corresponding axial views, exported from Diagnocat™ (DGNCT
LLC, Miami, FL, USA), is arranged across the maxillary and mandibular arches (indices correspond
to FDI tooth numbering). The images document tooth position, root and canal morphology, sinus
and fossa relationships, and eruptive status—features that are highly individualized and valuable for
objective matching of ante-mortem and post-mortem dental records during human identification. The
horizontal and vertical lines visible in the image represent the reference crosshair and slice navigation
guides of the CBCT viewing software at the time of screenshot capture and are not anatomical or
measurement indicators.
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Three-dimensional facial scanning and jaw-motion recording systems further expand
the scope of digital orthodontic documentation by providing dynamic and static represen-
tations of craniofacial structures. Digital datasets enable advanced analytical techniques,
including three-dimensional superimposition, which allows quantitative comparison of
craniofacial morphology across time points or between AM and PM records [31,36].

3.3. Palatoscopy as a Forensic Application of Orthodontic Records

Palatal (palatine) rugae are asymmetric ridges of fibrous mucous membrane located
on the anterior region of the hard palate. Owing to their unique morphology and relative
stability over time, palatal rugae have been proposed as a useful anatomical marker
for forensic identification, a method commonly referred to as palatoscopy [41]. Their
individualized configuration has been investigated for its potential contribution to human
identification, including applications in sex and racial determination. Importantly, the
protected intraoral position of palatal rugae renders them highly resistant to heat, chemical
exposure, and mechanical stress, allowing their preservation in adverse conditions. As
a result, rugae patterns may serve as an alternative identification aid in disaster victim
identification scenarios and in edentulous individuals when conventional dental data
are unavailable.

Advances in digital dentistry have enhanced the forensic applicability of palatal
rugae analysis. Modern forensic odontology increasingly employs intraoral scanners
to capture three-dimensional palatal morphology with high precision. Compared with
traditional dental cast models, intraoral scanning offers superior accuracy, reproducibility,
and ease of storage, while also facilitating rapid data sharing and longitudinal comparison.
Digital acquisition enables detailed morphological analysis and supports the application of
three-dimensional superimposition techniques, which have demonstrated value in human
identification, even in individuals who have undergone specific orthodontic interventions
such as slow maxillary expansion (SME) [42].

Although palatal rugae are generally regarded as stable anatomical landmarks, they
are not immutable. Their morphology may be influenced by physiological factors such
as growth and aging, as well as by clinical interventions, including periodontal surgery,
cleft palate repair, and tooth extraction [3]. Orthodontic treatment represents a particularly
relevant variable in the context of forensic identification [43]. Evidence suggests that
extraction-based orthodontic therapies are associated with more pronounced alterations in
rugae shape compared with non-extraction treatments, although the overall complexity
and individual pattern characteristics often remain preserved. Additionally, maxillary
expansion procedures have been shown to significantly affect inter-rugal distances and
anterior palatal anatomy, potentially altering spatial relationships relevant to forensic
comparison [44,45]. Consequently, careful consideration is required when utilizing palatal
rugae for identification in individuals with a history of orthodontic expansion or extensive
surgical procedures [46].

To enhance the reliability of rugae-based identification, forensic evaluations should
integrate both dimensional and morphological analyses rather than relying on a single
assessment approach [47]. Nevertheless, important limitations persist. Despite the growing
availability of digital acquisition and analysis tools, the lack of dedicated, standardized,
and certified software currently constrains the forensic validity and legal admissibility of
palatal rugae analysis. Variability in analytical protocols and limited population-based
validation further restrict its routine application in forensic casework [48]. Continued
research is therefore required to standardize methodologies, validate rugae stability across
diverse populations, and clarify the role of palatoscopy as a complementary tool within the
broader framework of forensic odontology.
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4. Orthodontic Appliances as Forensic Identifiers
Orthodontic appliances may serve as valuable forensic identifiers due to their individ-

ualized characteristics, material composition, and, in some cases, traceable manufacturing
features. Unlike natural dental morphology, orthodontic appliances are externally intro-
duced elements whose design, placement, and modification reflect both clinician decisions
and patient-specific anatomical constraints. When present, such appliances may provide
distinctive AM markers that assist in human identification, particularly when combined
with dental and radiographic records.

4.1. Fixed Orthodontic Appliances

Fixed orthodontic appliances, including brackets, bands, archwires, and auxiliary
components, may serve as forensic identifiers due to variations in bracket prescription,
slot dimensions, base design, and bonding patterns. Differences in appliance positioning,
angulation, and torque expression can result in characteristic tooth movement patterns
that are documented throughout treatment. In forensic investigations, remnants of fixed
appliances or their effects on dental alignment may be compared with ante-mortem records
to support identification, particularly when other identifiers are limited [21].

The materials commonly used in fixed orthodontic appliances, such as stainless steel,
titanium, and ceramic components, demonstrate variable resistance to heat and environ-
mental degradation. Although fixed appliances alone rarely constitute definitive forensic
evidence, their presence may provide supportive information when correlated with com-
prehensive orthodontic documentation [21].

4.2. Removable and Aligner-Based Appliances

Removable orthodontic appliances, including plates and functional appliances, may
contribute to forensic identification when they incorporate serial numbers, manufacturing
codes, or individualized modifications that facilitate traceability [21]. The use of clear align-
ment appliances (CAAs) further expands the potential for identification in medicolegal
investigations. Proper recognition of CAAs during the initial stages of forensic examina-
tion may allow investigators to obtain critical information regarding dental providers by
contacting the relevant CAA companies.

Records obtained through CAA manufacturers, in combination with documentation
from local orthodontists and dentists, may assist in securing identification through forensic
odontology comparison. The extensive digital records generated during aligner-based
treatment, including staged tooth movement data and appliance customization, may provide
valuable AM information when appropriately accessed and correlated with PM findings [49].
Further to the above, although CAAs are fabricated from digital treatment records, access
to these datasets may be impossible in forensic contexts due to inability to identify the
manufacturer, practice closure, data-retention limits, or legal restrictions; in such cases, the
appliance itself may be poured up in stone and used as supplementary AM material.

4.3. Skeletal Anchorage Systems

Skeletal anchorage systems, including orthodontic mini-screws and temporary anchor-
age devices, may provide supplementary forensic information when present. These devices
are characterized by specific dimensions, thread designs, materials, and insertion sites,
which are typically documented in clinical records and may be identifiable through PM
radiographic examination. Their placement within alveolar or basal bone allows detection
even when dental structures are compromised [19].

From a forensic perspective, skeletal anchorage systems may assist in narrowing
identification by indicating a history of advanced or complex orthodontic treatment. Their
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evidentiary value is enhanced when correlated with AM radiographic documentation and
treatment records. However, due to their limited prevalence and variability in design across
manufacturers, skeletal anchorage devices are generally considered adjunctive identifiers
and should be interpreted within a multidisciplinary forensic framework rather than as
standalone evidence [19].

5. Artificial Intelligence in Forensic Odontology and Orthodontics
Artificial intelligence (AI) is increasingly transforming dentistry by enhancing diag-

nostic accuracy, treatment planning, and patient management across multiple disciplines,
including pediatric dentistry, prosthodontics, orthodontics, oral medicine, radiology, pe-
riodontics, oral and maxillofacial surgery, and endodontics. AI applications support the
detection of oral diseases, analysis of radiographic images, and identification of abnormal-
ities such as dental caries, oral lesions, and soft tissue calcifications. In orthodontics, AI
has been applied to cephalometric analysis, treatment planning, prediction of treatment
outcomes, and customization of orthodontic therapy. Beyond clinical dentistry, AI has also
been recognized as a valuable adjunct in forensic odontology, supporting identification and
analytical tasks through automated and data-driven approaches [50].

AI is increasingly integrated into forensic medicine, where it enhances the accuracy,
efficiency, and objectivity of investigations [51]. Reported applications include autopsy
analysis, age and sex estimation, facial recognition, forensic toxicology, DNA analysis, fin-
gerprint analysis, firearm-related investigations, and digital forensics. In forensic dentistry,
AI primarily functions as a decision-support tool, assisting forensic experts in dental identi-
fication, age and sex estimation, facial reconstruction, bite mark analysis, and automation
of repetitive analytical tasks. Deep neural networks and machine-learning techniques are
increasingly utilized to improve the speed and consistency of forensic dental processes. In
particular, AI-based models have demonstrated strong potential for age and sex estimation,
with reported accuracies exceeding 90% in selected radiographic applications [52–55].

5.1. AI Architectures and Three-Dimensional Image Analysis

Among AI methodologies, three-dimensional convolutional neural networks (3D
CNNs) have demonstrated particular relevance for forensic and orthodontic applications
involving volumetric imaging. Unlike traditional two-dimensional approaches, 3D CNNs
process three-dimensional input data, such as stacks of two-dimensional images or volu-
metric datasets derived from cone-beam computed tomography (CBCT). These networks
can automatically extract salient features without human supervision, enabling both gener-
ative and descriptive analytical tasks. In forensic research, 3D CNNs have been applied to
sex determination, biological age estimation, three-dimensional cephalometric landmark
annotation, growth vector prediction, and facial soft-tissue estimation from skeletal data
and vice versa [56].

5.2. AI in Orthodontic Diagnosis and Treatment Planning

Orthodontic diagnosis traditionally relies on complex cephalometric analyses that are
time-consuming and subject to inter-operator variability. AI has substantially improved
this process by enabling automated and accurate diagnostic assessments, optimization of
personalized treatment plans, and prediction of treatment outcomes. Recent studies have
demonstrated the effectiveness of AI in predicting the necessity of tooth extractions based
on radiographic and clinical data, with promising results [51,57].

AI has also shown high performance in orthodontic landmark identification and
treatment planning. Park et al. developed a deep-learning algorithm capable of precisely
identifying cephalometric landmarks on radiographs [58], while Choi et al. reported a
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96% success rate in distinguishing surgery versus non-surgery cases using AI analysis
of lateral cephalometric radiographs [59]. Kok et al. demonstrated that AI algorithms
could determine growth and developmental stages with 77.02% accuracy based on cervi-
cal vertebral maturation assessment, complementing traditional hand–wrist radiographs
and cephalometric analyses [60]. Collectively, these studies highlight the transformative
potential of AI in orthodontic diagnosis and treatment planning [61].

5.3. Automated Landmarking and Forensic Matching

Automated landmark detection represents one of the most mature AI applications
in orthodontics and forensic dentistry. Deep neural networks can be trained to identify
anatomical landmarks on radiographs, digital scans, and three-dimensional dental mod-
els, including teeth, roots, axes, and cusps. Automated landmarking reduces the need
for manual annotation, increases reproducibility, and accelerates analytical workflows
(Figures 2–6). One study proposed a neural network capable of detecting tooth landmarks
and axes on three-dimensional tooth models with high accuracy, facilitating alignment,
comparison, and matching of dental scans [62]. In forensic contexts, such approaches may
enable faster and more objective matching of AM and PM dental records through direct
AI-based alignment of anatomical landmarks.

 

Figure 3. Lateral cephalogram with AI-assisted cephalometric landmarking (Diagnocat™, DGNCT
LLC, Miami, FL, USA). The software automatically detects and labels key hard- and soft-tissue land-
marks, traces maxillary/mandibular contours, and annotates the upper and lower incisor crown/root
axes. The different colored contours represent automatically segmented anatomical structures gen-
erated by the Diagnocat software. Abbreviations: Gl, glabella; S (Sella), sella turcica; N, nasion;
Soft N, soft-tissue nasion; Or, orbitale; Po, porion; Pt, pterygoid point; PNS, posterior nasal spine;
ANS, anterior nasal spine; A, A-point; B, B-point; Pog, pogonion; Soft Pog, soft-tissue pogonion; Me,
menton; Go, gonion; Co, condylion; Ar, articulare; Ba, basion; Pn, pronasale; Sn, subnasale; Ls, labrale
superius; Li, labrale inferius; U1crown: upper central incisor incisal edge; U1root, upper central
incisor root apex; L1crown: lower central incisor incisal edge; L1root, lower central incisor root apex.
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Figure 4. Lateral cephalogram automatically landmarked and traced by the AI software Diagnocat™
(DGNCT LLC, Miami, FL, USA). The software computes skeletal (e.g., SNA, SNB, ANB; SN–MP; Go
angle), dentoskeletal, dentoalveolar (e.g., U1–SN, U1–PP, IMPA, interincisal angle), and soft-tissue
metrics (upper/lower lip to E-line), and displays each value alongside internal normative ranges and
SD-based deviation flags (orange = moderate, red = severe). On the image, blue contours delineate
the mandibular outline, red contours the maxillary and mandibular first molar, and green contours the
maxillary and mandibular central incisors as automatically segmented by the software. White dashed
lines represent cephalometric planes and lines, and colored angle arcs indicate computed angular values.

 

Figure 5. Frontal cephalometric image with automatic landmark recognition and tracing by AI
(Diagnocat™, DGNCT LLC, Miami, FL, USA). Key bilateral points (Zy R/L, Co R/L, Go R/L) and
midline references (N, Sella, ANS, Me) are detected and linear distances are displayed to assess
transverse proportions and facial symmetry.
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Figure 6. Automated summary generated by the AI model (Diagnocat™, DGNCT LLC, Miami, FL,
USA), pairing measured values with normative data and their interpretation. Deviation magnitude is
color-coded (moderate/severe).

5.4. AI-Supported Age Estimation and Sex Prediction

AI has demonstrated strong performance in age and sex estimation using dental
and craniofacial imaging. Convolutional neural networks developed for gender and age
estimation from orthopantomograms have achieved prediction accuracies exceeding 95%
for sex classification and age group differentiation, indicating their potential utility in
forensic dentistry [63].

Sex determination remains a critical component of forensic identification. Lateral
cephalometric radiographs provide a detailed representation of cranial morphology suit-
able for computational analysis. Handayani et al. developed and evaluated multi-
ple CNN architectures—including VGG16, VGG19, MobileNetV2, ResNet50V2, Incep-
tionV3, and InceptionResNetV2—using cephalometric radiographs of Indonesian indi-
viduals aged 18–40 years [64]. VGG19 and ResNet50V2 achieved high class-specific
F1-scores, exceeding 90% overall accuracy, although performance decreased when ap-
plied to cranial photographs, highlighting challenges related to data imbalance and
cross-modality generalization.

In addition to traditional developmental indicators of dentition and orthodontic
treatment history, which assist in estimating chronological age in adolescents [19], AI
systems can analyze dental metrics such as pulp-to-tooth ratios, tooth morphology, and
bone structure from radiographs to predict age and sex with increasing accuracy [65,66]
(Figure 7).
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Figure 7. Three-dimensional tooth eruption sequence generated using eHuman Tooth Atlas 9™
digital anatomy software (eHuman Inc., Palo Alto, CA, USA). The left model represents the mixed
dentition stage at approximately 6 years, while the right model depicts the same individual at around
11 years, illustrating the eruption of permanent incisors, canines, and premolars, as well as the
exfoliation of deciduous teeth. The software allows continuous simulation of dental growth and
eruption patterns, providing a valuable educational tool for studying age estimation and dental
development. Colors indicate crown and root segmentation.

5.5. Pattern Matching, Record Linking, and Identification

AI techniques, particularly transfer learning, have been applied to pattern matching
and record linking between AM and PM dental and craniofacial data. One study em-
ployed transfer learning for automatic human identification based on dental traits [67],
while another introduced an algorithm for extracting cranial patterns from lateral
cephalometric radiographs for identification purposes [26]. AI-assisted matching across
large dental databases has the potential to enhance both the speed and objectivity of
forensic identifications.

Tooth-based identification remains one of the most reliable methods in forensic odon-
tology due to the individuality of dental structures. AI can further enhance this process by
automating image analysis, supporting database matching, and improving the efficiency
and accuracy of dental identification workflows [52].

5.6. AI and Bite Mark Analysis

AI has also been explored in bite mark analysis, where it may enhance image quality,
automate comparison processes, and support the matching of bite patterns to dental
records. These approaches aim to reduce subjectivity and human error while improving
the efficiency of forensic investigations, although careful validation remains essential [52].

5.7. Disaster Victim Identification

In mass disaster victim identification (DVI), Interpol guidelines recognize dental and
orthodontic records as primary identifiers [17]. Advances in AI-assisted superimposition
techniques allow matching of AM three-dimensional skeletal reconstructions from CBCT
data with corresponding scans, using alignment algorithms and distance color maps to
support identification (Figure 8).
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Figure 8. Superimposition of mandibular reconstructions from CBCTs taken at two different time
points, illustrating growth changes in the condyle area. The color map represents surface deviation
between the two time points, with warmer colors (yellow–red) indicating greater positive growth
changes and cooler colors (green–blue) indicating minimal surface displacement.

5.8. Limitations, Ethics, and Forensic Admissibility

Despite the rapid advancement of artificial intelligence applications in forensic odon-
tology and orthodontics, several limitations and ethical considerations constrain their
routine forensic use. The performance of AI models is highly dependent on the quality, size,
and representativeness of the training datasets. Biases related to population characteristics,
imaging protocols, and data imbalance may limit generalizability and reduce reliability
when models are applied outside their original development context [50–52].

Ethical issues, including patient consent, data privacy, and secure handling of sensitive
dental and craniofacial information, are particularly relevant in forensic applications. The
secondary use of clinical orthodontic records for forensic or research purposes requires clear
regulatory frameworks and adherence to data protection principles. Additionally, many
AI systems function as “black boxes,” offering limited transparency regarding decision-
making processes, which poses challenges for explainability and accountability in legal
settings [51,52].

From a forensic standpoint, AI-based outputs should be regarded as decision-support
tools rather than standalone evidence. The admissibility of AI-assisted analyses in court
depends on method validation, reproducibility, and expert interpretability. Currently,
the lack of standardized protocols, certified software, and universally accepted perfor-
mance benchmarks limits the evidentiary weight of AI-generated results in forensic odon-
tology. Consequently, AI-assisted findings must be interpreted by trained forensic ex-
perts and integrated with conventional odontological methods and multidisciplinary
evidence [50–52].

6. Discussion
6.1. Forensic Value of Orthodontic Evidence: Strengths and Contributions

The integration of orthodontic data into forensic science enhances the reliability of
human identification by providing durable and highly individualized records. Unlike
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fingerprints or DNA, which may degrade under extreme conditions, orthodontic appli-
ances and dental records often survive and retain diagnostic value, particularly in mass
disaster scenarios [17,19]. The increasing digitization of orthodontic records has further
strengthened their forensic utility by improving accessibility, permanence, and the potential
for rapid cross-matching across forensic databases [17,19].

The practical value of dental and orthodontic records in disaster victim identification
has been demonstrated in multiple well-documented mass-fatality events. Following the
M/S Estonia ferry disaster (1994), odontological evidence played a key role in identifying
victims when other identifiers were unavailable, highlighting the robustness of dental
comparisons in marine disasters [68]. In the Swissair Flight 111 crash (1998), dental records
and radiographic comparisons were instrumental in victim identification due to the ex-
tensive fragmentation and thermal damage of remains [69]. Similarly, after the September
11 terrorist attacks (2001), forensic odontologists contributed substantially to victim iden-
tification through systematic comparison of dental records, often in combination with
DNA analysis, owing to the extreme destruction of bodies [70]. During the Indian Ocean
tsunami (2004), dental identification proved particularly effective for foreign victims, as
pre-existing dental charts and radiographs enabled reliable ante-mortem and post-mortem
matching [71]. While most mass-fatality identifications rely primarily on dental records,
the Helios Airways Flight 522 disaster (Greece, 2005) illustrates the unique forensic value
of orthodontic documentation and appliance configuration, with fixed appliances and
extraction patterns contributing decisively to victim identification, including a pediatric
case [72].

Orthodontic principles also contribute to archeological and anthropological interpre-
tation of human remains. By examining how biomechanical forces influence jaw growth
and occlusion, orthodontic analysis helps explain patterns of tooth wear, changes in
jaw size, and the increasing prevalence of malocclusion and impacted third molars in
modern populations. Differences in bite relationships—such as crowding, overbite, and
crossbite—have been used to infer dietary and lifestyle transitions over time, with hunter-
gatherer populations typically exhibiting larger jaws and less crowding compared with
agricultural societies consuming softer diets. These observations link occlusion, func-
tion, and evolution across temporal contexts and provide insight into long-term shifts
in human masticatory biology [73]. In addition, orthodontic cephalometric principles,
including jaw relationships and facial proportions, are applied in facial reconstruction from
skeletal remains, supporting both forensic identification and archeological or museum
reconstructions [74].

Recent literature supports the growing recognition of orthodontics as a forensic re-
source. Thetakala et al. highlighted an increasing intersection between orthodontics and
forensic applications through content analysis of national and international forensic odon-
tology journals, reflecting expanding scholarly and clinical interest in this field [20]. In
addition, Pires et al. systematically reviewed orthodontic records and confirmed their signif-
icant forensic value in human identification, noting that commonly used identifiers include
intraoral photographs, panoramic radiographs, morphological characteristics (such as tooth
rotation and crown shape), and therapeutic data related to orthodontic appliances [19].

Zhou et al. demonstrated that although orthodontic treatment alters craniofacial
morphology, three-dimensional superimposition techniques remain reliable for facial recog-
nition in forensic contexts [23]. Similarly, palatal rugae have shown remarkable stability
and uniqueness, supporting their role as complementary identifiers when interpreted
cautiously [41]. When combined with intraoral scans and other digital imaging modalities,
CBCT datasets enable the construction of comprehensive three-dimensional anatomical
profiles, supporting integrated digital and AI-assisted forensic analyses. The availability of
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quantitative and reproducible measurements supports biometric profiling and enhances
the objectivity of human identification [32,34].

6.2. Limitations and Challenges in Forensic Application

Despite these strengths, several limitations constrain the forensic application of or-
thodontic evidence. Orthodontic treatment induces intentional morphological changes, and
growth-related variation further complicates interpretation, particularly in younger indi-
viduals. Although studies indicate that orthodontic treatment does not invalidate forensic
methods such as palatal rugae analysis, these structures may undergo measurable alter-
ations, necessitating cautious interpretation and the use of supplementary identification
techniques [43].

Variability in record-keeping practices represents a critical practical limitation. A
survey among Croatian dentists revealed significant inconsistencies in the maintenance
of dental records, limited awareness of legal obligations, and underestimation of their
forensic importance, underscoring the gap between forensic potential and everyday clinical
practice [75]. Differences in documentation standards across countries and clinics further
limit the uniform forensic applicability of orthodontic records [20].

The increasing use of photographic evidence from social media introduces both oppor-
tunities and challenges. Smile photographs and selfies may contribute distinctive dental
information, particularly involving the anterior dentition; however, orthodontic alignment
may reduce the discriminative value of such images by altering tooth angulation and
position. Consequently, smile-based identification should be combined with other forensic
methods to enhance reliability [39].

6.3. Future Directions and Perspectives

Future developments in forensic odontology should prioritize the standardization
of orthodontic record-keeping at national and international levels. The establishment of
secure, standardized digital repositories within orthodontic clinics would facilitate the long-
term preservation and forensic accessibility of AM data, enabling rapid comparison when
conventional identification methods are unavailable [17,18]. Standardized, exportable digi-
tal outputs further facilitate long-term archiving and reliable ante-mortem/post-mortem
comparison in forensic identification.

Emerging evidence suggests that orthodontic data may also support forensic age
estimation. A recent study proposing a formula to predict the eruption timing of permanent
canines and premolars in children aged 8–12 years demonstrated potential applicability
beyond clinical orthodontics, extending to forensic age determination when interpreted
within known biological variability [76].

Interdisciplinary collaboration between orthodontists, forensic odontologists, and
forensic identification teams will be essential to translate these advances into routine foren-
sic practice. Well-documented case reports and collaborative disaster victim identification
exercises can further normalize orthodontics as a dependable forensic resource [21].

6.4. Practical, Educational, and Ethical Implications

As highlighted by Reddy et al., orthodontic records constitute a social responsibility
within forensic odontology due to their high evidentiary value [1]. The forensic utility of
orthodontic records is ultimately dependent on clinician awareness and documentation
quality. Given the demonstrated deficiencies in record-keeping practices [75], there is a clear
need to integrate forensic odontology into compulsory undergraduate and postgraduate
dental curricula, complemented by continuing professional development [77–79]. Standard-
ized photography, complete digital records, appliance documentation, and secure archiving
should be emphasized as core elements of forensic readiness. Facial photographs, includ-
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ing smile images that capture distinctive dental and facial characteristics, may serve as a
valuable adjunct in forensic identification when properly documented and archived [80,81].

Exceptional forensic scenarios further illustrate the importance of orthodontic docu-
mentation. In cases involving identical twins, where genetic and conventional identifiers
may fail, orthodontic records have proven decisive for human identification, highlighting
their unique discriminatory potential [72]. Machine-readable forensic reports enhance
standardization, auditability, and rapid comparison of ante-mortem and post-mortem
records, which is particularly relevant in large-scale forensic investigations.

Artificial intelligence introduces additional ethical and practical considerations. AI-
based systems can integrate dental images, CBCT data, three-dimensional facial scans,
and jaw-motion trajectories to enhance forensic identification [53]. However, concerns
regarding data privacy, algorithmic bias, transparency, and over-reliance on automated
outputs remain significant. Explainable AI is essential to ensure that forensic experts can
interpret and critically evaluate algorithmic results. Consistent with current recommen-
dations, AI should be regarded strictly as a supportive tool rather than a replacement
for expert forensic judgment [51,82,83]. From a forensic perspective, the validation and
reproducibility of artificial intelligence systems remain critical challenges. Many AI-based
tools used in forensic dentistry and orthodontics are trained on institution-specific or retro-
spective datasets, which may limit generalizability across populations, imaging protocols,
and acquisition devices. Reproducibility may also be affected by software updates, model
retraining, and proprietary algorithms, making independent verification difficult in judi-
cial contexts. These factors underscore the necessity for transparent reporting, external
validation, and population-specific performance assessment before AI tools can be reliably
integrated into routine forensic practice.

Despite the advances brought by digital technologies and AI, challenges remain re-
garding methodological standardization, population-specific validation, ethical safeguards,
and legal admissibility in forensic practice [82].

7. Conclusions
Orthodontics constitutes a valuable and increasingly recognized forensic resource,

offering detailed, longitudinal, and highly individualized records that can significantly
support human identification. Orthodontic documentation—including dental records,
radiographs, digital scans, appliances, and palatal rugae—may retain diagnostic value even
when conventional identifiers are unavailable or compromised, reinforcing its relevance in
forensic investigations [17,19].

The expanding digitization of orthodontic records and the integration of three-dimensional
imaging and artificial intelligence further enhance the forensic applicability of or-
thodontic data by improving accessibility, analytical precision, and comparability across
datasets [17,53,83]. At the same time, the forensic value of orthodontic evidence is highly
dependent on clinician awareness, meticulous record-keeping, and adherence to ethical
and legal standards, underscoring the medico-legal responsibilities of orthodontists [20,76].

When supported by standardized documentation practices, appropriate education,
and responsible technological integration, orthodontics can function as a reliable adjunct
within contemporary forensic odontology, contributing to accurate identification processes
and supporting broader justice and humanitarian efforts worldwide [17,18,21].
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54. Bağ, İ.; Bilgir, E.; Bayrakdar, İ.Ş.; Baydar, O.; Atak, F.M.; Çelik, Ö.; Orhan, K. An artificial intelligence study: Automatic description
of anatomic landmarks on panoramic radiographs in the pediatric population. BMC Oral Health 2023, 23, 764. [CrossRef]
[PubMed] [PubMed Central]

55. Wesp, P.; Schachtner, B.M.; Jeblick, K.; Topalis, J.; Weber, M.; Fischer, F.; Penning, R.; Ricke, J.; Ingrisch, M.; Sabel, B.O. Radiological
age assessment based on clavicle ossification in CT: Enhanced accuracy through deep learning. Int. J. Leg. Med. 2024, 138,
1497–1507. [CrossRef] [PubMed] [PubMed Central]
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