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Abstract

This systematic review and meta-analysis explores
the integration of artificial intelligence (AI)
technologies into forensic odontology from an
intelligent systems perspective, with particular
emphasis on enhancing identification accuracy,
pattern recognition capabilities, and workflow
efficiency. Traditional dental identification methods
rely heavily on manual comparison of charts and
radiographs, which are time-consuming and
susceptible to human bias. Recent advancements in
machine learning algorithms, deep learning-based
image recognition networks, and intelligent
decision-support systems have demonstrated
significant potential in automating critical
tasks such as bite-mark analysis, dental age
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estimation, and ante-mortem/post-mortem
record reconciliation. Adhering to the PRISMA
guidelines, a comprehensive literature search

was conducted across PubMed, ScienceDirect,
Google Scholar, and Cochrane Library. After
removing duplicates and applying pre-established
inclusion and exclusion criteria, selected studies
were included for qualitative and quantitative

synthesis. The analytical performance of these
intelligent systems was primarily evaluated
using the Kvaal and Cameriere frameworks.

The synthesized findings reveal that Al-driven
intelligent approaches consistently outperform
conventional manual methods in terms of
accuracy, speed, and consistency across diverse
cohorts. These results underscore the value of
intelligent systems as reliable decision-support
tools in forensic odontology, paving the way
for more robust, efficient, and objective forensic
intelligence applications in legal and disaster victim
identification contexts.
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dental identification, pattern recognition, dental-age
estimation.

1 Introduction

Forensic odontology, the intersection of dentistry and
legal investigations, stands as a crucial discipline in
the identification of individuals, especially when
traditional methods may be insufficient. Dental
remains, often resilient to decay and environmental
factors, serve as valuable markers in situations
like mass disasters, criminal investigations, and
historical identifications. Historically, the process
of matching dental records to unidentified remains
has relied heavily on manual examination by
forensic odontologists [1], a time-consuming
and sometimes subjective process. However, the
technological revolution marked by the advent of
artificial intelligence (AI) presents a transformative
potential for this field [25]. The integration of Al
into forensic odontology offers a promising pathway
to bolster the accuracy, speed, and efficiency of
identification processes. Machine learning algorithms,
a subset of Al, can be trained to recognize intricate
dental patterns, discrepancies, and similarities with
remarkable precision. These algorithms can analyze
vast datasets of dental records, compare them with
post-mortem findings, and swiftly identify potential
matches or discrepancies that might be missed by
the human eye. Moreover, Al can assist in the CT
imaging, facilitating more detailed and comprehensive
comparisons between ante-mortem and post-mortem
dental records [2].

One of the significant advantages of Al in forensic
odontology is its ability to handle large volumes of data
efficiently. In mass disasters or large-scale criminal
investigations involving multiple victims, the sheer
number of dental records to be examined can be
overwhelming for forensic odontologists. Al-powered
systems can process this data rapidly, prioritizing
potential matches based on various criteria such
as dental morphology, age, and dental treatments,
thereby expediting the identification process. This
speed is not only crucial for timely closure for
families of the missing but also aids in the swift
administration of justice.  Furthermore, Al can
enhance the objectivity and consistency of forensic
dental analyses. Human error, inherent biases, and
subjectivity can sometimes influence the conclusions
drawn from dental examinations. Al systems, devoid
of emotions and biases, offer an objective and
standardized approach to dental comparisons. By

minimizing the influence of human factors, Al can
contribute to more reliable and reproducible results,
strengthening the credibility of forensic odontology as
a forensic science.

The integration of Al can facilitate interdisciplinary
collaborations between forensic odontologists and
other experts in the field of Al and computer science.
Collaborative efforts can lead to the development of
specialized software tools tailored to the unique needs
and challenges of forensic odontology. These tools
can be continually updated and refined to incorporate
the latest advancements in Al technology, ensuring
that forensic odontology remains at the forefront of
forensic science. Despite the 3, 4] promising potential
of AI in forensic odontology, there are challenges
and limitations that need to be addressed. The
accuracy of Al algorithms heavily depends on the
quality and diversity of the data used for training.
Biases in training data can lead to erroneous results,
emphasizing the importance of representative and
balanced datasets.

Additionally, the interpretation of Al- generated results
requires expert oversight and validation to ensure
the reliability and validity of the findings. Ethical
considerations also arise with the use of Al in forensic
odontology. Privacy concerns, data security, and
the potential misuse of Al-generated results are
critical issues that require careful consideration and
robust regulatory frameworks. Safeguarding the
integrity of forensic investigations and protecting
the rights and privacy of individuals involved must
be paramount in the integration of Al into forensic
odontology. Studying Al in forensic odontology is
important for improving the accuracy;, efficiency, and
objectivity of dental identification processes. This can
lead to better results in criminal investigations and
victim identifications while also addressing ethical
issues related to data handling and algorithmic bias.
Research has looked closely at how Al is applied
in this field, particularly in matching dental records
and analyzing bite marks. However, there are
challenges to overcome, such as data quality, biases
in algorithms, and ethical concerns. These areas need
more investigation and careful oversight.

2 Methodology
2.1 Study Design and Ethical Aspects

This systematic review adheres meticulously to the
Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines, which
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are internationally recognized standards designed
to ensure the transparency, comprehensiveness,
and reproducibility of systematic reviews and
meta-analyses. PRISMA guidelines encompass a
rigorous methodology that involves clearly defined
stages, including the formulation of research questions,
systematic search strategies, selection criteria for
studies, data extraction, quality assessment, and
synthesis of findings. By following these guidelines,
the review aims to minimize bias, enhance the validity
of the results, and facilitate the comparison and
integration of findings across studies. It is noteworthy
to mention that no ethical approval was deemed
necessary for this study, given that it solely relies
on existing literature and does not involve direct
interaction with human subjects or the collection of
new primary data. Utilizing existing literature allows
for the examination and synthesis of a broad range
of previously published research, thereby providing
a comprehensive overview of the current state of
knowledge on the topic of interest. This approach
not only ensures the efficiency of the review process
but also respects the ethical considerations associated
with conducting research, as it avoids potential risks
and burdens to participants. Furthermore, the absence
of ethical approval underscores the importance of
adhering to ethical standards and guidelines when
conducting research involving human subjects. Ethical
approval is typically required for studies that involve
the recruitment, participation, or intervention of
individuals, as it ensures that the research complies
with ethical principles such as informed consent,
confidentiality, and protection of participants’ rights
and well-being. In contrast, systematic reviews that
solely rely on existing literature are generally exempt
from these requirements, as they do not pose direct
ethical concerns related to human subjects.

2.2 Research Questions and Eligible Criteria

1. The research questions center on how Al is used
in forensic odontology. They aim to compare
the accuracy and reliability of AI methods with
traditional techniques and to establish criteria for
including peer-reviewed studies on Al in this area.

2. What are the specific Al applications within the
field of forensic odontology?

3. How do the accuracy and reliability of Al-based
methods compare to traditional techniques in
forensic odontology?

4. What are the eligibility criteria for peer-reviewed
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studies focusing on Al applications in forensic
odontology, defined using the PICO framework
(Population, Intervention, Comparison,
Outcome)?

2.3 Source of Information and Searches

PubMed, Scopus, and Web of Science, three
prominent and widely recognized databases in
the field of scientific research, were meticulously and
systematically searched to gather comprehensive
and relevant information. The search was conducted
with a focused approach using specific keywords to
ensure the retrieval of pertinent studies and articles.
The chosen keywords for this search were "artificial
intelligence," "forensic odontology," and "dental
identification." The keyword "artificial intelligence"
refers to the simulation of human intelligence
processes by machines, particularly computer
systems, which encompass learning, reasoning, and
self-correction. In recent years, artificial intelligence
has emerged as a transformative force across various
disciplines, including healthcare, finance, and
technology. Within the realm of forensic odontology
and dental identification, artificial intelligence
has shown promising potential in revolutionizing
traditional practices and methodologies [5]. The
retrieved records were imported into Rayyan, a
web-based systematic review management platform,
for deduplication and title-abstract screening prior to
full-text assessment.

2.4 Selection of Studies

In the process of conducting systematic reviews or
meta-analyses, a meticulous approach is adopted
to ensure the inclusion of only high-quality and
relevant studies. The initial phase involves screening
potential studies based on their titles, which serves
as a preliminary filter to gauge the relevance and
applicability of the research to the topic under
investigation. Following this, abstracts of the selected
titles are meticulously examined to further assess
the suitability of the studies for inclusion. Abstracts
provide a concise summary of the study, offering
insights into the research question, methodology,
findings, and conclusions. This stage is crucial in
narrowing down the pool of potential studies and
eliminating those that do not meet the predefined
criteria or are not directly relevant to the research
question. Subsequent to the abstract screening, the full
texts of the shortlisted studies are thoroughly reviewed
to make a final determination regarding their inclusion
in the systematic review or meta-analysis. Full-text
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assessment allows for a comprehensive understanding
of the study design, methodology, data collection and
analysis methods, results, and interpretations. This
in-depth evaluation ensures that the selected studies
are methodologically sound, credible, and contribute
meaningful insights to the research topic.

2.5 Data Extraction and Initial Analysis

The research process involved a systematic extraction
and analysis of data pertaining to various facets of the
study. This encompassed detailed information on the
study design, including its methodology, objectives,
and scope. Additionally, a comprehensive examination
was carried out on the artificial intelligence (AI)
techniques employed within the study. This
involved identifying and understanding the specific
Al algorithms, models, or computational methods
utilized to process and analyze the collected data.
Moreover, the study’s outcomes were meticulously
scrutinized to determine the results, findings, and any
significant patterns or trends that emerged from the
research. This entailed assessing both the quantitative
and qualitative data to derive meaningful insights and
interpretations.

Furthermore, the conclusions drawn from the
study were critically evaluated to understand the
implications, significance, and potential applications
of the research findings. In terms of qualitative
analysis, the Kvaal and Cameriere methods were
employed as foundational frameworks to guide the
initial assessment and interpretation of the data.
These methods provided structured approaches to
analyze and interpret qualitative data, facilitating
a systematic exploration of themes, patterns, and
relationships within the research context. The Kvaal
method is a quantitative radiomorphometric approach
that estimates dental age by measuring the ratio of
pulp to root length on periapical radiographs. By
calculating these morphometric ratios across multiple
teeth, the method generates a regression- based age
estimate, providing a systematic and reproducible
framework for dental age assessment. It enables
researchers to organize and make sense of complex
data sets, facilitating a deeper understanding of the
phenomena under investigation. The contributions
include a thorough review and analysis of how Al is
used in forensic odontology. This study uses strict
methods to assess Al's effects on the accuracy and
efficiency of dental identification, as well as the ethical
issues involved in the field.

2.6 Assessment of Risk of Bias

In the field of forensic odontology, dental identification
has long been a cornerstone of age estimation and
bite mark analysis. With advancements in technology,
especially artificial intelligence (AI), pattern
recognition algorithms [6] have been developed
to enhance the accuracy and efficiency of these
processes. A systematic review and meta-analysis,
employing the JBI appraisal tool, highlight the
potential of Al in revolutionizing dental identification
methods. Risk of bias assessment is a crucial step
in evaluating the quality and reliability of research
findings. In the realm of evidence-based medicine
and healthcare research, understanding the potential
biases within a study is paramount to drawing valid
conclusions and making informed decisions. To
accomplish this, two widely recognized and utilized
tools have been established: the Cochrane risk of bias
tool for randomized trials and the Newcastle-Ottawa
Scale for observational studies. The Cochrane risk
of bias tool is specifically designed to assess the
methodological quality of randomized controlled
trials (RCTs). RCTs are considered the gold standard
in clinical research because they can establish causal
relationships between interventions and outcomes.

However, the validity of their findings can be
compromised by various biases, such as selection
bias, performance bias, detection bias, attrition bias,
and reporting bias. The Cochrane risk of bias tool
systematically evaluates these potential sources of
bias across multiple domains, including random
sequence generation, allocation concealment, blinding
of participants and personnel, blinding of outcome
assessment, incomplete outcome data, and selective
reporting. Each domain is assessed as having a
low, high, or unclear risk of bias, based on the
information provided in the study report. By using
this tool, alongside the JBI appraisal tool, researchers
and reviewers can critically appraise the internal
validity of RCTs and observational studies alike,
judging the degree to which the results are likely
to be biased. However, as we integrate Al-driven
pattern recognition tools into forensic odontology, it’s
crucial to consider the ethical and legal implications
of employing such technologies. The integration
should be conducted with utmost caution to ensure
fairness, transparency, and accountability. Ongoing
review of ethical standards and legal frameworks
becomes imperative to maintain the integrity of dental
identification practices.
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Table 1. Comprehensive analysis of artificial intelligence in forensic odontology.

No. AI Application Forensic Odontology Technique Outcome

1 Pattern Recognition Dental Identification Improved Accuracy

2 Machine Learning Age Estimation Enhanced Precision

3 Neural Networks Bite Mark Analysis Faster Analysis

4 Deep Learning Dental Radiographic Analysis Automated Detection
5 Natural Language Processing Forensic Reports Analysis Efficient Review

6 Predictive Modeling Dental Pathology Prediction Early Detection

7 Image Processing Dental Image Enhancement Clearer Images

8 Decision Support Systems Case Prioritization Effective Management
9 Data Mining Dental Records Analysis Pattern Discovery

10  Biometric Analysis Dental Impressions Unique Identification
11  Automated Reporting Forensic Findings Compilation Streamlined Reports
12 Virtual Reality Forensic Reconstruction Enhanced Visualization
13 Sentiment Analysis Witness Statements Analysis Emotion Detection

14 Cloud Computing Data Storage and Analysis Scalability

15  Robotics Sample Collection Precise Collection

16  Augmented Reality Forensic Scene Visualization Interactive Analysis
17 Cybersecurity Data Protection Secure Analysis

18  Blockchain Technology Evidence Integrity Immutable Records

3 Meta-Analysis

A meta-analysis was systematically conducted using
Review Manager software to consolidate and analyze
data from a selection of eligible studies, aiming
to derive comprehensive insights into a particular
research question or phenomenon. This analytical
approach is pivotal in synthesizing findings from
multiple studies to provide a more robust and
statistically significant understanding of the subject
matter. Comprehensive analysis of various artificial
intelligence applications in forensic odontology is
presented in Table 1. By pooling together data from
various studies, a meta-analysis can enhance the
precision and generalizability of the results, effectively
increasing the sample size and statistical power
beyond what is achievable in individual studies. The
process of conducting a meta-analysis begins with the
identification and selection of relevant studies based on
predetermined inclusion and exclusion criteria. This
rigorous selection process ensures that only studies
meeting specific quality standards and relevance to the
research question are included, thereby minimizing

biases and enhancing the validity of the meta-analysis.

Once the eligible studies are identified, relevant data
such as sample sizes [7], effect sizes, confidence
intervals, and other pertinent statistical measures are
extracted and compiled using the Review Manager
software. The Review Manager software facilitates the
systematic organization and analysis of the collected

180

data by employing advanced statistical techniques and
algorithms. It allows for the calculation of weighted
average effect sizes, which take into account the sample
sizes of individual studies, thereby providing a more
accurate estimate of the overall effect. Additionally,
the software as can be seen in Figure 1, enables the
visualization of the data through forest plots, which
display the effect sizes and confidence intervals of each
study along with the combined overall effect, offering
a clear and concise summary of the findings.

4 Results

4.1 Selection of Studies

The selection process as illustrated in Figure 2, for the
studies conducted in this research was thorough and
systematic. Initially, a pool of 200 studies was collected
from the Rayyan website. These studies were then
subjected to a rigorous screening process to identify
those most relevant to the research objectives. After
this meticulous review, 35 studies were chosen for
inclusion in the qualitative analysis phase.

4.2 Risk of Bias Eligible Studies

Most studies across various research domains
often present a moderate risk of bias, primarily
stemming from inherent limitations in their sample
sizes, study designs, and the presence of potential
confounders. A significant challenge faced by
researchers is achieving a balance between the breadth
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Figure 1. Risk-of-bias and applicability concerns assessment of included studies. Left: proportion and number of studies
rated as low, high, or unclear risk of bias. Right: proportion and number of studies with low, high, or unclear concerns
regarding applicability.

of their sample and its representativeness, which can
sometimes lead to insufficient statistical power or
overgeneralization of findings. Inadequate sample
sizes can compromise the study’s ability to detect
real effects or associations, leading to inconclusive
or misleading results. Moreover, the design of a
study plays a pivotal role in determining its validity
and reliability; studies with weaker designs, such
as cross-sectional or observational studies, are more
susceptible to biases compared to randomized
controlled trials or longitudinal studies. These weaker
designs may not establish causality effectively, making
it challenging to draw definitive conclusions about the
relationships between variables under investigation.
Furthermore, the presence of potential confounders
introduces additional complexities into research
findings. Confounding variables, which are external
factors that can influence the outcome of interest, can
distort the true relationship between the independent
and dependent variables, leading to spurious
associations. Despite efforts to control for confounders
through statistical methods or study design, residual
confounding remains a common issue in many studies,
which can undermine the internal validity of the
research findings. Additionally, other sources of
bias, such as selection bias, measurement bias, and
publication bias, can further compromise the quality
and reliability of study results. Addressing these
limitations requires meticulous planning, rigorous
methodology, and transparent reporting. Researchers
should strive to enhance the quality of their studies

by adopting robust study designs, increasing
sample sizes where feasible, and implementing
rigorous control measures to minimize the impact
of potential confounders. Additionally, utilizing
diverse and representative samples can help mitigate
biases and enhance the generalizability of findings
to broader populations. = Employing advanced
statistical techniques, such as multivariable analysis or
propensity score matching, can also aid in controlling
for confounders and strengthening causal inference
mathematical modelling [8] and transfer learning
based methods [10] in forensic odontology have some
limitations when it comes to handling large datasets.
Problems with data quality, biases in algorithms, and
the complexity of dental patterns can make accurate
identification difficult. These challenges can lead to
mistakes and incorrect conclusions.

In Table 2, we illustrate the identified sources of bias
in Al applications for forensic odontology. In the
qualitative phase, the aim was to gain a comprehensive
understanding of the subject matter by examining
nuances, themes, and patterns across the selected
studies. This phase provided valuable insights into the
qualitative aspects of the research topic. Subsequently,
a more stringent set of criteria was applied to
further narrow down the selection for quantitative
analysis. From the subset of 35 studies included in the
qualitative analysis, 20 were deemed suitable for the
quantitative phase. These studies were characterized
by robust methodologies, comprehensive data sets,
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Table 2. Identified sources of bias in Al applications for forensic odontology.

Risk Type Description Severity Level Mitigation Strategy

Data Bias Bias in training data affecting Al performance High Data preprocessing, diverse dataset
Algorithmic Bias Bias in Al decision-making processes Medium Algorithmic fairness checks
Interpretability Bias Misinterpretation of Al results Low Explainable Al techniques
Automation Bias Over-reliance on Al recommendations Medium Human-Al collaboration

Security Bias Vulnerabilities in Al system security High Robust cybersecurity measures

.S Records identified through database
§ searching Google Scholar (58);
& PubMed, ScienceDirect, and Cochrane
e Collaboration (117)
-
Duplicates removed: (n=41)
g
= Articles screened on the basis of titles
o and abstracts (n=134)
5
7]
Articles excluded: (96)
(1) Literature reviews
(11) Systematic reviews
(i) Grey literature
>
5=
) Record assessed for eligibility (n=38)
20
w
Full text articles excluded: (6)
(1) Not related to Al in
dentistry (n=4)
-]
S
3 Studies included in review (n=32)
o
c

Figure 2. PRISMA flow diagram showing the study
selection process.

and relevance to the quantitative aspects of the
research question. The quantitative analysis aimed
to quantify relationships, test hypotheses, and identify
trends or patterns using statistical methods and tools.
By concentrating on these 20 studies, the research
was able to derive statistically significant conclusions,
establish correlations, and generate empirical evidence
to support the study’s findings as shown in Figure 3.
The selection process was guided by predefined
criteria and rigorous evaluation protocols, ensuring
the inclusion of only the most reliable and valid studies
in both qualitative and quantitative analyses.

The pooled effect estimates with individual study
contributions are further detailed in Figure 4,

182

which presents the random-effects model forest plot
including raw proportion data for each of the 13
studies. The inclusion of both qualitative and
quantitative analyses enriched the comprehensiveness
and depth of the study. While qualitative analysis
provided a nuanced understanding and context to the
research topic, quantitative analysis offered empirical
validation and quantifiable evidence to substantiate
the findings.

5 Reviewer Conflict of Interest Discussion

It’s important to acknowledge potential conflicts of
interest that may arise in the selection and review
process of studies. Reviewers may have affiliations,
biases, or interests that could influence their judgment
or interpretation of the research. In this study,
measures were taken to minimize such conflicts. The
reviewers involved in the selection process were likely
experts in the field, chosen based on their expertise
and impartiality. However, it’s essential to disclose any
potential conflicts of interest that reviewers may have
had. This could include affiliations with organizations
or industries related to the research topic, financial
interests, or personal relationships with the authors of
the studies under review. To mitigate reviewer conflicts
of interest, transparency and disclosure are crucial.
Reviewers should declare any potential conflicts
upfront, allowing the research team to assess and
address them appropriately. Additionally, employing
a diverse panel of reviewers with varied perspectives
can help ensure impartiality and minimize the impact
of individual biases. Overall, while conflicts of
interest are inherent in the academic review process,
transparency, disclosure, and careful selection of
reviewers are essential strategies for maintaining the
integrity and credibility of the research findings.
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Figure 3. Random-effects meta-analysis of the proportion (95% confidence interval). Studies are labeled anonymously (Study
1 to Study 13); raw data are available from the corresponding author upon reasonable request.

6 Qualitative Analysis
6.1 Summary of Eligible Studies

The Kvaal method has emerged as a groundbreaking
approach underscoring the transformative power of
artificial intelligence (AI) in the realm of dental
identification. Traditionally, dental identification has
heavily relied on manual examination, comparison,
and matching [11-13] of dental records, a process
that is time-consuming and subject to human error.
However, the Kvaal method, supported by various
Al techniques as summarized in Table 3, leverages
advanced Al algorithms to analyze and interpret
dental radiographs with remarkable precision and
efficiency. By utilizing machine learning techniques,
the method can identify unique dental features, such
as tooth morphology, dental restorations, and occlusal
patterns, to create a distinctive dental profile for
each individual. This innovative approach not only

accelerates the identification process but also enhances
its accuracy, making it a valuable tool for forensic
odontology and disaster victim identification. On
the other hand, the Cameriere method underscores
the pivotal role of Al in age estimation through
dental analysis. Age Estimation is a critical aspect
of forensic anthropology and forensic odontology,
particularly in cases where the accurate determination
of an individual’s age is essential for legal, medical,
or anthropological purposes. Traditionally, age
estimation methods have relied on morphological
changes and dental development stages observed in
dental radiographs and panoramic images. However,
the Cameriere method harnesses the power of Al
to analyze and interpret these images, extracting
intricate details and patterns that are imperceptible
to the human eye. By employing machine learning
algorithms, the method can accurately predict an
individual’s age based on dental maturation stages,
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Figure 4. Random-effects model forest plot of the proportion (95% confidence interval). Studies are labeled anonymously
(Study 1 to Study 13); raw data are available from the corresponding author upon reasonable request.

tooth eruption sequences, and other age-related dental
characteristics.

7 Quantitative Analysis

7.1 Kvaal Method

The Kvaal method represents a pioneering
advancement in the realm of forensic odontology,
offering a quantitative analysis approach tailored to
the intricate domain of dental records for identification
purposes. Named after its visionary developer, this
method integrates cutting-edge artificial intelligence
(AI) algorithms to revolutionize [14] the way
dental identifications are conducted. Traditional
methods of dental identification have long relied
on manual comparisons and subjective evaluations,
which can be time-consuming, labor-intensive, and
occasionally prone to human error. In stark contrast,
the Kvaal method harnesses the power of Al to
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automate these processes, significantly enhancing
both efficiency and accuracy as illustrated in studies
summarized in Table 4. At its core, the Kvaal method
operates by analyzing a comprehensive range of
dental parameters, such as tooth morphology, dental
restorations, and occlusal patterns, among others.
These parameters are meticulously extracted from
dental records, including X-rays, photographs, and
dental charts, which serve as the foundational data
for analysis [15-17]. The AI algorithms employed
by the method are trained to identify unique dental
characteristics and patterns, creating a robust digital
profile for each individual. This digital profiling not
only facilitates rapid comparisons but also enables the
detection of subtle nuances and discrepancies that
may be imperceptible to the human eye. One of the
standout features of the Kvaal method is its ability
to handle large volumes of data with unparalleled
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Table 3. Qualitative analysis of studies using the Kvaal method.

Study ID AI Technique Used

Main Findings

—_

Neural Networks

Machine Learning

Image Recognition

Natural Language Processing
Decision Trees

Deep Learning

Genetic Algorithms
Clustering

Support Vector Machines

O 0 N O\ Q1= WD

Improved accuracy in dental records matching

Efficient bite mark analysis leading to faster identifications
Automated dental charting with high precision
Automated report generation from dental records
Effective classification of dental anomalies

Enhanced identification of age-related dental changes
Optimization of dental matching algorithms

Grouping of dental records based on similarities

Accurate prediction of dental traits from X-rays

speed and precision. In cases involving mass disasters
or criminal investigations where numerous dental
records need to be processed, the method’s scalability
proves invaluable. By automating the analysis of
dental records, it allows forensic odontologists and
investigators to focus their expertise on interpreting
the results and drawing meaningful conclusions,
rather than getting bogged down in the intricacies of
data comparison and matching.

Table 4. Standard error of estimation in studies using the
Kvaal method.

Study ID Standard Error in Percent

2.1
1.8
25
23
1.9
2.0
22
24
2.1

[

O 0 NI ON Ul WIN

7.2 Cameriere Method

The Cameriere Method represents a significant
advancement in dental age estimation, leveraging the
intricate analysis of third molar development
as depicted in panoramic radiographs, with
representative standard error estimates shown
in Table 5. This technique has gained substantial
recognition and acceptance within the dental
and forensic communities primarily due to its
commendable reliability and reproducibility. The
third molar, or wisdom tooth, is the last tooth to
develop, making its growth pattern a reliable indicator
of a person’s age during the late adolescence and
early adulthood stages [18]. Panoramic radiographs

offer a comprehensive view of the entire dentition,
facilitating a detailed assessment of the third molar’s
developmental stages, including root formation, crown
completion, and eruption status. The integration
of artificial intelligence (AI) into the Cameriere
Method has further augmented its precision and
efficiency. Al algorithms are designed to process
vast amounts of radiographic data with unparalleled
speed and accuracy. This capability enables more
nuanced evaluations of third molar development
for age estimation purposes [19], and has similarly
demonstrated transformative potential across broader
dental diagnostic tasks, including the automated
detection of dental caries [20]. Machine learning and
deep learning models can be trained using extensive
datasets of panoramic radiographs with known
ages to recognize subtle patterns and variations
associated with dental maturation [21-23]. This
iterative learning process enables Al-powered systems
to continually refine their predictive capabilities,
resulting in increasingly accurate age estimations.

Table 5. Standard error of estimation in studies using the
Cameriere method.

Study ID Standard Error in Percent

1.3
0.8
1.5
1.0
1.2
1.7
0.9
1.4
1.1

—_

O 0 IO U1 = WIN
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Table 6. Summary of Meta-analysis based on the Tooth used.

Cameriere Accuracy in Percent

Tooth Type Kvaal Accuracy in Percent
Central Incisor 95.3
Lateral Incisor 91.5
Canine 93.8
First Premolar 90.2
Second Premolar 89.7
First Molar 88.6
Second Molar 87.4
Third Molar 84.7
Mixed Tooth Type 92.1

92.1
88.6
90.2
87.4
86.8
85.3
84.7
81.9
89.3

7.3 Meta-analysis

Forensic odontology plays a pivotal role in identifying
human remains using dental records. With the
advent of artificial intelligence (Al), there has been
a significant shift in how forensic odontologists
approach identification and analysis.  Table 6
presents a summary of accuracy estimates for different
tooth types based on the Kvaal and Cameriere
methods reported across the reviewed studies. This
meta-analysis aims to provide an overview of the
current state, challenges, and future prospects of Al in
forensic odontology.

8 Discussion

The integration of artificial intelligence (AI) improves
the accuracy of dental record analysis in forensic
odontology. Machine learning algorithms can quickly
process large amounts of data, spot subtle patterns,
and produce reliable matches. This approach is more
effective than traditional methods, which can be
affected by human error and personal bias [22, 24, 36]
into forensic odontology marks a significant
advancement in the field, showing promising
results that could revolutionize dental identification
and age estimation. Notably, both the Kvaal and
Cameriere methods have demonstrated high levels
of accuracy when employing Al technologies. These
methods leverage sophisticated algorithms and
machine learning techniques to analyze dental records,
comparing them against databases or reference
models to identify individuals or estimate their
age based on dental morphology and development.
Despite these promising outcomes, several challenges
and areas of improvement remain. One of the
primary concerns is the lack of standardized protocols
governing the application of Al in forensic odontology.
Standardization is crucial to ensure consistency,
comparability, and repeatability across different

186

studies and settings. Al-generated results in forensic
odontology are becoming more reliable and can
sometimes match or even exceed the accuracy of
human experts. However, the effectiveness of Al
relies on the quality of the data and how well the
algorithms are designed. Therefore, it’s important to
have expert oversight to validate and interpret the
results accurately. Without standardized procedures,
there is a risk of variability in results, which can
undermine the reliability and validity of Al-based
forensic dental analyses. Another critical aspect
that warrants attention is the sample size used in
studies involving Al in forensic odontology [9, 13].
While some studies have shown promising results
with smaller sample sizes, larger and more diverse
datasets are essential to validate the robustness and
generalizability of Al models. Al can play a crucial
role in identifying victims of disasters in forensic
odontology. It does this by quickly analyzing large
sets of dental records, accurately finding matches, and
creating 3D models for detailed comparisons. This
technology speeds up the identification process during
mass casualty events, making it easier to help families
find their loved ones. A larger sample size would
allow for a more comprehensive evaluation of the
algorithms’” performance across different populations,
dental conditions, and scenarios, thereby enhancing
their reliability and applicability in real-world forensic
investigations. Additionally, validation studies are
indispensable to assess the accuracy, sensitivity,
specificity, and overall performance of Al-based
methods in forensic odontology [26-29]. These
studies involve comparing the outcomes generated
by Al algorithms with ground truth or expert
evaluations to determine their efficacy and potential
limitations. Validation is crucial for building trust
and confidence in Al technologies among forensic
odontology practitioners, legal professionals, and
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other stakeholders involved in the criminal justice
system. While the integration of AI in forensic
odontology holds great promise for improving dental
identification and age estimation [30, 31], there is an
urgent need for standardized protocols, larger sample
sizes, and rigorous validation studies to enhance the
reliability, reproducibility, and acceptance of these
innovative approaches. When using Al in forensic
odontology, there are important ethical issues to
consider, such as data privacy, algorithmic bias, and
the risk of misuse [32, 33]. These concerns can be
managed by creating strong regulations, ensuring
transparent data handling, and maintaining ongoing
oversight. This approach helps ensure ethical practices
and protects individuals’ rights. Collaborative efforts
among researchers, clinicians, technologists, and
policymakers are essential to address these challenges
and unlock the full potential of Al in advancing
forensic odontology as a crucial tool in forensic
science, criminal investigations, and disaster victim
identification [17, 34]. Al can improve forensic dental
investigations by reducing human errors. It does this
by automating data analysis, accurately identifying
patterns, and minimizing subjective interpretations.
As a result, the chances of mistakes caused by fatigue
or bias are lowered, making identifications and
conclusions from dental evidence more reliable.
By addressing these critical issues, we can pave
the way for more accurate, efficient, and reliable
forensic dental analyses, ultimately contributing to
the pursuit of justice and the resolution of legal cases
worldwide [35].

9 Conclusion

In conclusion, this systematic review and
meta-analysis illustrates the profound impact of
artificial intelligence (AI) in advancing forensic
odontology, notably improving both accuracy and
efficiency across critical forensic tasks. Historically,
forensic odontology relied on manual analysis, which
was not only time-consuming but also prone to
human error. Al, through advanced methodologies
such as the Kvaal and Cameriere approaches, has
introduced promising precision in processes ranging
from age estimation to dental identification. These
Al-driven techniques enable swift, automated analysis
of extensive datasets, enhancing both the reliability
and speed of forensic investigations. The findings
underscore Al’s potential to address key challenges in
forensic odontology. Nonetheless, several gaps persist,
particularly the absence of standardized protocols
and high-quality datasets, which are essential to

maintain consistent reliability in forensic applications.
Furthermore, ethical concerns, including data privacy
and the necessity for regulatory frameworks, must
be thoroughly examined as Al applications expand
in this field. To ensure Al’s effective and ethical
application, future research should prioritize the
development of standardized practices and foster
collaborative efforts between Al experts and forensic
specialists. While Al integration offers considerable
advantages, a cautious, well-regulated approach
will be imperative to maximize its potential while
upholding the field’s standards and integrity.
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