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Abstract: Forensic medicine has increasingly integrated advanced imaging technologies
to improve the accuracy and efficiency of investigations. Techniques such as virtual au-
topsy, multi-detector computed tomography (MDCT), and artificial intelligence (AI)-driven
imaging have revolutionized the identification of injuries and causes of death. Despite
these advancements, the field faces operational, ethical, and legal challenges that hinder
widespread adoption. Objectives: This systematic review aimed to explore the role of
emerging imaging technologies in forensic medicine, identify key challenges in their im-
plementation, and provide insights into optimizing their use in forensic practice, with
particular attention to cultural, ethical, and interdisciplinary aspects. Methods: A sys-
tematic review was conducted following PRISMA guidelines. Literature searches were
performed across six databases, including PubMed, Scopus, Web of Science, and others, fo-
cusing on studies discussing imaging technologies in forensic contexts. A total of 10 studies
were included after applying eligibility criteria. The data were synthesized using narrative
synthesis and thematic analysis. Results: Four key themes emerged: (1) advancements in
AI and imaging technologies, (2) operational and financial barriers, (3) ethical and legal
considerations, and (4) interdisciplinary collaboration and training. Emerging imaging
modalities enhance diagnostic precision and facilitate non-invasive examinations, offering
culturally sensitive alternatives to traditional autopsies. However, high costs, algorithmic
biases, data security risks, and the lack of standardized forensic imaging protocols present
significant challenges. The potential for cross-cultural and international forensic collabo-
rations through AI-enabled imaging was also identified as a promising future direction.
Conclusions: Advanced imaging technologies hold transformative potential in forensic
medicine. Addressing financial, ethical, and operational challenges through interdisci-
plinary collaboration, standardized guidelines, and culturally sensitive practices is crucial
for maximizing their utility and global acceptance

Keywords: forensic imaging; artificial intelligence; virtual autopsy; operational challenges;
ethical considerations; interdisciplinary collaboration; cultural sensitivity

1. Introduction
Forensic medicine is a specialized field at the intersection of healthcare and the legal

system, charged with applying medical knowledge to criminal and civil cases [1,2]. Over the
past few decades, the global demand for accurate, efficient, and timely forensic evaluations has
intensified, driven in part by increasing caseloads, evolving legal standards, and advancements
in medical technology [3,4]. Key to this field is the ability to identify causes and mechanisms of
injury or death, which not only aids in legal adjudication but also contributes to public health
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measures aimed at reducing preventable fatalities [5]. Within this context, medical imaging
has emerged as an indispensable tool, offering non-invasive, detailed insights into anatomical
structures and pathological changes that are essential for forensic investigations [6].

Medical imaging techniques ranging from conventional X-rays to state-of-the-art modalities
such as computed tomography (CT), magnetic resonance imaging (MRI), and micro-computed
tomography (micro-CT) have profoundly transformed forensic examinations [7]. These imaging
technologies enable forensic specialists to detect subtle fractures, hemorrhages, and other forms
of trauma that may otherwise remain hidden during external or even internal examinations [8,9].
In addition, advanced imaging can preserve visual evidence digitally, supporting re-analysis
and serving as robust documentation for court proceedings [10]. For instance, virtual autopsy, or
“virtopsy”, which combines CT or MRI scans with 3D reconstruction, provides a comprehensive
view of the deceased’s internal state without the need for invasive dissection [11]. Rather than
replacing traditional autopsies, virtopsy methods act as complementary tools that enhance
conventional practices by offering non-invasive options where conventional autopsy may be
limited by cultural, religious, or ethical considerations [12].

Despite these promising developments, the implementation of advanced medical imag-
ing in forensic practice presents numerous challenges. One significant hurdle is the high
cost associated with state-of-the-art imaging equipment and the specialized training required
for operators and interpreters [13,14]. Many regions, particularly in low-resource settings,
face severe budgetary constraints that limit their ability to invest in such technology, thereby
widening disparities in the quality and speed of forensic investigations [15,16]. Even in well-
resourced jurisdictions, the operational costs of running CT or MRI machines—along with the
need for meticulous calibration and frequent maintenance—can strain existing healthcare and
forensic systems [17]. Moreover, although these imaging modalities can capture an impressive
amount of data, the shortage of professionals qualified to interpret such complex images can
introduce delays and inconsistencies in forensic diagnoses [18,19].

Another layer of complexity arises from the ethical, legal, and cultural considerations
associated with forensic imaging. Digital storage and transmission of highly sensitive post-
mortem images risk potential breaches of privacy if not managed with strict cybersecurity
measures [20]. Additionally, the admissibility of imaging findings as legal evidence can be
contested if protocols are not standardized or if concerns arise regarding the chain of custody
and data integrity [21]. These concerns highlight the urgent need for developing robust
guidelines and standard operating procedures to regulate all stages of forensic imaging, from
image acquisition to secure storage and court presentation [22,23].

Importantly, cultural and religious sensitivities exert a profound influence on the accep-
tance of postmortem practices, particularly in Islamic countries, parts of the Middle East, and
among certain Christian and Jewish communities [24]. Traditional autopsies are often met
with resistance in these contexts due to beliefs surrounding bodily integrity after death [25].
Virtual autopsy techniques, by offering non-invasive alternatives, provide a culturally respect-
ful solution that upholds both forensic requirements and religious norms. Furthermore, these
technologies open opportunities for international scientific collaboration [26]. Imaging data
can be securely transmitted across jurisdictions, enabling experts from different countries,
cultures, and religious backgrounds to jointly examine forensic cases without physically dis-
turbing the deceased. This cross-cultural model of forensic investigation holds the potential to
standardize forensic practices globally while respecting diverse sociocultural values [27].

Equally critical is the need for interdisciplinary collaboration between forensic pathol-
ogists, radiologists, anthropologists, and data scientists. Historically, forensic pathology
and radiology have operated somewhat independently, with forensic pathologists focusing
on autopsies and radiologists working primarily in clinical domains [28]. However, the
complexity of modern forensic cases now demands integrated teamwork. Radiologists
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must deepen their understanding of forensic-specific injuries and artifact interpretation,
while forensic pathologists must become proficient in utilizing advanced imaging modal-
ities [29]. Structured interprofessional training programs and seamless communication
channels are essential to ensure that the benefits of imaging technologies are fully realized
in forensic practice [30].

The emergence of artificial intelligence (AI) and machine learning (ML) further
promises to revolutionize forensic imaging. Algorithms trained on large datasets of forensic
images can assist in detecting trauma patterns, estimating postmortem intervals, and even
predicting mechanisms of injury [31]. These tools could significantly reduce subjective
variability in image interpretation and accelerate diagnostic workflows, which is crucial
for time-sensitive forensic investigations [32]. However, concerns about algorithmic bias,
data privacy, and legal defensibility must be rigorously addressed to ensure responsible
integration of AI technologies into forensic practice [33].

Given the growing reliance on imaging technologies and the complex sociocultural, opera-
tional, and ethical challenges they present, this systematic review aims to critically evaluate the
role of emerging imaging technologies in forensic medicine. It further seeks to identify opportu-
nities for optimizing their implementation through standardized protocols, interdisciplinary
education, and culturally sensitive approaches that promote global forensic collaboration.

1.1. Aim of the Study

This systematic review aims to critically evaluate and synthesize the current literature on
innovative medical imaging techniques within forensic medicine and elucidate the challenges
and limitations that may hinder their widespread adoption. By providing a comprehensive
overview, this review offers actionable insights for forensic practitioners, healthcare administra-
tors, and policymakers, thereby facilitating the development of robust, standardized practices
that leverage imaging technologies for more accurate and efficient forensic diagnoses.

1.2. Research Question

How do emerging imaging technologies influence diagnostic accuracy and efficiency
in forensic medicine, and what are the primary operational, ethical, and interdisciplinary
challenges that impact their successful implementation?

2. Materials and Methods
2.1. Search Strategy and Selection Criteria

This systematic review was conducted in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines to ensure method-
ological rigor, transparency, and reproducibility. A detailed research protocol was devel-
oped and prospectively registered with the International Prospective Register of Systematic
Reviews (PROSPERO) under the registration number CRD42024625274, reflecting our
commitment to systematic integrity and scholarly accountability.

To ensure a comprehensive identification of relevant literature, a systematic search strat-
egy was employed across multiple leading databases, including PubMed, Scopus, Web of
Science, CINAHL, Embase, ProQuest, and Elsevier/ScienceDirect. The final database search
was executed on 1 September 2024, encompassing publications from database inception
through the search date. The search strategy utilized a combination of Medical Subject Head-
ings (MeSH) and free-text keywords to capture the breadth of research involving forensic
medicine, medical imaging technologies, artificial intelligence applications, and operational
and ethical challenges in forensic practice. Search terms were iteratively refined in consultation
with subject experts to maximize sensitivity and specificity for the topic of forensic imaging
innovations. Key terms included but were not limited to: “forensic medicine”, “post-mortem
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imaging”, “virtual autopsy”, “computed tomography”, “magnetic resonance imaging”, “arti-
ficial intelligence”, “machine learning”, “diagnostic accuracy”, “operational barriers”, “ethical
challenges”, and “interdisciplinary collaboration”. Boolean operators (AND, OR) and trunca-
tion were used to optimize each search across databases, tailored to the indexing conventions
of each platform. The detailed search strategy is presented in Table 1.

Table 1. Search Strategy.

Database Search Terms

PubMed
(“Forensic Medicine”[Mesh] OR “Post-mortem Imaging” OR “Virtopsy”) AND (“CT Scan” OR “MRI” OR
“Virtual Autopsy”) AND (“Artificial Intelligence” OR “Machine Learning”) AND (“Challenges” OR “Ethical
Issues” OR “Operational Barriers”)

Scopus

TITLE-ABS-KEY (“forensic medicine” OR “postmortem imaging” OR “virtual autopsy”) AND TITLE-ABS-KEY
(“computed tomography” OR “magnetic resonance imaging”) AND TITLE-ABS-KEY (“AI” OR “machine
learning” OR “technological innovations”) AND TITLE-ABS-KEY (“challenges” OR “ethical considerations” OR
“implementation barriers”)

Web of Science
TS = ((“forensic medicine” OR “postmortem imaging” OR “virtual autopsy”) AND (“CT” OR “MRI” OR “3D
imaging”) AND (“artificial intelligence” OR “machine learning”) AND (“challenges” OR “ethical considerations”
OR “training needs”))

CINAHL (“Forensic Medicine” OR “Postmortem Radiology”) AND (“Artificial Intelligence” OR “Machine Learning”) AND
(“Diagnostic Accuracy” OR “Operational Challenges” OR “Implementation Barriers”)

Embase
(‘forensic medicine’/exp OR ‘forensic imaging’/exp) AND (‘medical imaging’/exp OR ‘computed
tomography’/exp OR ‘magnetic resonance imaging’/exp) AND (‘artificial intelligence’/exp OR ‘machine
learning’) AND (‘ethical issues’ OR ‘operational barriers’)

ProQuest (“Forensic Imaging” OR “Virtual Autopsy” OR “Medical Imaging in Forensics”) AND (“CT Scan” OR “MRI”)
AND (“AI applications” OR “Machine Learning”) AND (“Ethical Challenges” OR “Implementation Barriers”)

Elsevier/ScienceDirect (“Forensic Medicine” OR “Postmortem Imaging”) AND (“Computed Tomography” OR “MRI”) AND (“Artificial
Intelligence” OR “Machine Learning”) AND (“Operational Challenges” OR “Ethical Issues”)

Studies were included if they evaluated any form of medical imaging technology
ranging from conventional radiography to advanced modalities such as computed tomog-
raphy (CT), magnetic resonance imaging (MRI), and emerging technologies like micro-CT
or artificial intelligence applications in the context of forensic medicine. We focused on
identifying both quantitative and qualitative research examining diagnostic innovations,
limitations, and interdisciplinary challenges.

2.2. Eligibility Criteria for Screening

After the initial removal of duplicate records, the eligibility screening process com-
menced with a comprehensive two-stage procedure: first, a title and abstract review;
followed by full-text assessment of articles that met the preliminary criteria. The screening
process was designed to ensure methodological rigor and adherence to the predefined
inclusion and exclusion criteria.

This systematic review targeted peer-reviewed empirical studies, systematic reviews,
scoping reviews, and technical reports that investigated the application of advanced imag-
ing technologies, including artificial intelligence (AI)-enhanced modalities, in forensic
medicine. Eligible studies included those reporting on diagnostic performance, ethical or
legal considerations, operational challenges, and interdisciplinary collaboration relevant to
the adoption of these technologies in forensic practice.

Studies were considered eligible if they:

• Examined the use of imaging modalities such as computed tomography (CT), magnetic
resonance imaging (MRI), micro-CT, or virtual autopsy techniques in forensic contexts.

• Reported on AI or machine learning applications in postmortem imaging or
forensic diagnostics.

• Discussed challenges (e.g., high costs, algorithmic bias, legal admissibility, training
deficits) or enabling factors (e.g., digital infrastructure, cross-cultural collaboration,
standardization) related to imaging technology implementation in forensic medicine.
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• Were published in English, involved human subjects or cadaveric studies, and included
clearly defined methodologies and outcomes relevant to forensic diagnostics.

Both qualitative and quantitative studies were included, provided they offered substantial
insight into the integration, impact, or implementation of advanced imaging technologies
in real-world forensic settings. Studies presenting interdisciplinary, sociocultural, or legal
perspectives were also included if they directly related to postmortem imaging applications.

Exclusion criteria were applied to:

• Case reports, narrative commentaries, editorials, letters to the editor, and conference
abstracts lacking methodological detail.

• Studies focusing exclusively on live clinical imaging (e.g., diagnostic imaging in living
patients) or on non-imaging forensic methods such as bloodstain pattern analysis,
toxicology, or DNA analysis.

• Papers that did not address forensic imaging, lacked empirical findings, or failed to
report challenges, facilitators, or measurable outcomes related to imaging integration
in forensic investigations.

• Non-English publications without available translations.

From an initial pool of 3892 records identified across database searches, 980 duplicates
were removed, leaving 2912 unique records for title and abstract screening. Following this
initial screening, 2183 articles were excluded for not meeting basic inclusion criteria (e.g.,
lack of imaging relevance, theoretical nature, or clinical-only focus). 729 full-text articles
were subsequently retrieved and assessed in detail for eligibility. Of these, 719 articles were
excluded for reasons including non-imaging focus (n = 290), conceptual-only content (n = 247),
insufficient forensic relevance (n = 113), and lack of methodological clarity (n = 69). Ultimately,
10 studies met all inclusion criteria and were selected for final synthesis. A PRISMA flow
diagram (Figure 1) is provided to transparently illustrate the screening and selection process,
including reasons for exclusion at each stage [16,34–42].

Figure 1. PRISMA flow diagram [16,34–42].
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2.3. Data Extraction Process

Data extraction was a pivotal phase in this systematic review, designed to systemati-
cally compile and synthesize relevant information from the selected studies examining the
use of advanced imaging technologies and artificial intelligence (AI) in forensic medicine.
The primary objective of this phase was to extract critical data to illuminate the innovations,
challenges, and implementation dynamics, shaping the integration of these technologies
into forensic investigative practice.

The data extraction process involved a detailed and structured review of each included
article, guided by a standardized data extraction template. The process focused on the
following core components:

• Study Characteristics: Key information was extracted, including study design (e.g.,
systematic review, scoping review, narrative review, or empirical analysis), publication
year, country or region of the study, and forensic setting (e.g., forensic pathology
units, radiology departments, or medicolegal institutes). Where applicable, sample
size and population demographics (e.g., types of forensic cases, professional roles
involved) were also documented to provide contextual understanding and assess the
transferability of findings.

• Imaging Technologies and AI Innovations: Data were collected on the imaging
modalities studied, such as computed tomography (CT), magnetic resonance imaging
(MRI), post-mortem angiography, micro-CT, and emerging AI-enabled image analysis
techniques. We noted the intended purpose of each technology—whether for injury
detection, time-of-death estimation, cause-of-death analysis, or virtual autopsy appli-
cations. Where available, details were also recorded about the stage of implementation
(pilot, research-only, or institutional use) and the specific software or algorithmic
models employed.

• Challenges and Limitations: A major focus of extraction involved identifying and
categorizing the challenges and limitations reported in each study. These were grouped
under operational (e.g., cost, infrastructure), technical (e.g., data interpretation complexity,
image resolution), legal (e.g., admissibility in court, data custody), ethical (e.g., privacy
of digital postmortem data), and professional training barriers (e.g., lack of radiological
expertise among forensic pathologists). Emphasis was placed on contextual factors that
influenced technology adoption in different legal and cultural settings.

• Outcomes and Implementation Insights: We extracted reported outcome measures
including diagnostic improvements (e.g., injury detection accuracy, reduction in sub-
jective interpretation), workflow efficiency, cultural acceptability, and impact on legal
proceedings. Studies offering insight into strategies for implementation—such as
interdisciplinary training programs, protocol standardization, or cross-border forensic
collaborations—were noted for.

2.4. Quality Assessment

To evaluate the methodological rigor of each included study, we utilized the ROBIS
(Risk of Bias in Systematic Reviews) tool, adapted to assess the quality of both primary
research and secondary reviews focusing on forensic imaging. This structured approach
helped to identify potential biases in study design, data analysis methods, and result
interpretation. Two reviewers independently assessed each study for risk of bias, focusing
on aspects such as clarity of research questions, appropriateness of methodology, trans-
parency in reporting, and whether confounding variables were adequately addressed. Any
disagreements between reviewers were resolved through a consensus-based discussion,
ensuring that the final quality ratings were consistent and objective.
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2.5. Data Analysis

In this systematic review examining emerging imaging technologies and artificial
intelligence (AI) applications in forensic medicine, data analysis was conducted using a
structured, multi-dimensional approach that combined narrative synthesis and thematic
analysis. This dual-method strategy enabled a comprehensive exploration of both the
practical applications and the operational, ethical, and legal implications associated with
integrating advanced imaging in forensic settings. The analytical framework was designed
to accommodate the diversity of methodologies among included studies and to distill both
descriptive insights and conceptual patterns relevant to the implementation and evolution
of forensic imaging technologies.

2.5.1. Narrative Synthesis

Narrative synthesis served as the foundational component of the analytical process.
This method facilitated a systematic comparison and contextual interpretation of findings
across heterogeneous study designs and settings, including forensic institutes, academic
hospitals, and medico-legal laboratories. The synthesis enabled us to categorize and
describe the various imaging modalities utilized in forensic medicine such as computed
tomography (CT), magnetic resonance imaging (MRI), micro-CT, and virtual autopsy
and to examine the ways in which AI-enhanced tools (e.g., trauma detection algorithms,
postmortem interval estimators, automated injury classification) were applied in forensic
diagnostics. In addition, this approach supported the exploration of interdisciplinary
workflows and outlined how emerging technologies were received by different professional
stakeholders, including pathologists, radiologists, and legal practitioners.

Through narrative synthesis, attention was paid to the operational contexts in which
these technologies were deployed, variations in diagnostic accuracy, and the degree to
which the tools addressed sociocultural and ethical considerations, particularly in regions
where invasive autopsies may be culturally restricted. Findings were also synthesized
in terms of real-world feasibility, data integrity safeguards, and the utility of AI tools for
standardizing forensic reporting.

2.5.2. Thematic Analysis

In parallel with narrative synthesis, a thematic analysis was conducted to systemati-
cally identify and explore recurring themes and concepts across the included studies. This
qualitative technique enabled a deeper examination of underlying issues and contextual
patterns, beyond what was observable through descriptive summary alone. A manual
coding framework was applied to the extracted data and refined iteratively through peer
discussion to ensure thematic rigor and conceptual clarity.

Emergent themes included:

• Technological advancements and diagnostic precision: The impact of AI and high-
resolution imaging on improving forensic accuracy and efficiency.

• Operational and resource-related barriers: High equipment costs, limited technical
infrastructure, and the scarcity of trained personnel.

• Ethical and legal challenges: Issues related to digital privacy, admissibility of imaging
evidence, algorithmic bias, and the need for standardization.

• Interdisciplinary collaboration and training: The importance of integrated efforts
between radiologists, pathologists, and forensic scientists, and the call for updated
education and role clarity.

• Cultural adaptability and global collaboration: The potential of non-invasive imaging
techniques to facilitate forensic examinations in culturally sensitive or religiously
conservative contexts, especially in the Middle East and Islamic countries.
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These themes were not only descriptive but also interpretative, reflecting how structural
and contextual factors intersect to shape the implementation and acceptance of imaging
technologies in forensic medicine. Together, the narrative and thematic analyses provided
a comprehensive synthesis of the literature, informed recommendations for practice, and
highlighted priorities for future research and policy development in forensic imaging.

3. Results
3.1. Risk of Bias Assessment

The Risk of Bias (RoB) assessment for the included studies [16,34–42], highlights several
critical areas requiring attention. Overall, the studies exhibit a moderate level of bias, with
domains such as methodological rigor and data integrity being consistent strengths across
most articles. However, notable concerns were identified in certain areas. For instance, several
studies, including those by Ketsekioulafis et al. (2024) [35] and Tournois et al. (2024) [41],
displayed “some concerns” in Domain 3 (D3), indicating potential issues with the reliability
of outcome measurements or data reporting. Similarly, Patyal & Bhatia (2021) [38] and
Suhas et al. (2024) [34] encountered challenges in Domain 2 (D2), highlighting the need
for more robust procedural clarity and consistency in research design. The overarching
risk in Domain 5 (D5), reflecting concerns around applicability and generalizability, was
identified in studies like Chango et al., 2024 [16], emphasizing the need to better align
findings with real-world forensic practices. Despite these concerns, foundational studies
such as Beck (2011) [37] and Daly (2019) [36] maintained low overall risk, underscoring
their methodological soundness and contribution to the field. The full RoB profile across
all domains is summarized in Figure 2. Addressing these discrepancies through enhanced
standardization, transparent reporting, and comprehensive validation protocols will be pivotal
in ensuring the reliability and applicability of forensic research findings.

Figure 2. Risk of bias assessment [16,34–42].
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3.2. Main Outcomes

Based on the detailed data extracted from the included studies (Table 2), four primary
outcome themes emerged, providing a comprehensive understanding of the integration,
challenges, and future directions of imaging technologies and artificial intelligence (AI)
applications in forensic medicine:

Table 2. Data Extraction for Systematic Review.

Author(s), Year Study Design Sample
Size Setting

Imaging
Technology and

Innovation
Challenges and

Limitations
Outcome
Measures Key Findings

Ketsekioulafis
et al., 2024 [35] Systematic Review 33 articles Forensic Sciences

Settings

AI for
postmortem
interval
estimation, cause
of death

Algorithmic bias,
data dependency

Enhanced
diagnostic
support

AI enhances forensic
diagnostics; requires
further validation

Guglielmi et al.,
2015 [40] Editorial Review N/A Radiology and

Forensic Labs

MDCT,
postmortem
imaging

Integration into
medico-legal
systems

Improved
autopsy
visualization

Advanced imaging
aids forensic
investigations;
requires legal and
ethical guidelines

Chango et al.,
2024 [16] Systematic Review 63 articles Forensic Science

Investigations

Extended reality,
biometric data
analysis, AI
techniques

Ethical and
operational
challenges

Improved crime
scene analysis

Technology enhances
precision and
efficiency;
implementation
challenges identified

Tournois et al.,
2024 [41] Scoping Review 35 articles Medicolegal

Practice

AI for biological
age estimation,
postmortem
analysis

Limited practical
integration

AI maturity
levels

AI is mostly in the
R&D stages; it
highlights the
potential for
medicolegal
applications

Beck, 2011 [37] Narrative Review N/A Forensic Imaging
Practices

Radiography, CT,
MRI

Cost, data
security

Forensic imaging
utility

Reviews radiographic
evolution; discusses
imaging challenges
and future prospects

Daly, 2019 [36] Editorial Review N/A
Forensic
Radiology
Settings

3D postmortem
CT, PMCTA

Public and
cultural
opposition to
autopsy

Enhanced
postmortem
documentation

Non-invasive imaging
improves forensic
reporting; addresses
cultural sensitivities

Patyal & Bhatia,
2021 [38] Systematic Review 20 studies

Radio-
Diagnostic
Modalities

AI and ML in
forensic
radiology

Training, ethical
issues

Enhanced
diagnostic
accuracy

AI facilitates forensic
radiology; training
gaps and ethical
concerns are
highlighted

Suhas et al.,
2024 [34] Review Article N/A Digital Forensic

Analysis

Blockchain,
digital imaging,
3D modeling

Data security,
high costs

Improved
evidence
integrity

Digital tech enhances
forensic precision;
blockchain ensures
data integrity

Kumar et al.,
2023 [42]

Conference Pro-
ceedings/Review N/A Medical Imaging

Systems

AI-based medical
imaging systems,
deep learning
applications

Computational
complexity, data
privacy,
integration
challenges

Future directions
for AI
implementation

Identifies key
challenges in AI-based
imaging; proposes
future research
directions

Malfroy Camine
et al., 2024 [39] Case Study N/A

Forensic
Identification
Cases

Virtual
re-association
(VRA),
postmortem CT

Fragmented data
challenges

Enhanced
identification
accuracy

VRA supports human
remains identification
in complex cases

3.2.1. Advancements in AI and Imaging Technologies

A central outcome consistently reported across the included studies was the enhance-
ment of diagnostic precision and operational efficiency through advanced imaging modali-
ties and AI-driven analytic tools.

Ketsekioulafis et al. (2024) [35] and Tournois et al. (2024) [41] demonstrated that AI
algorithms trained on postmortem datasets significantly improved estimations of post-
mortem intervals and detection of trauma patterns compared to traditional methods,
reducing subjective interpretation errors. Daly (2019) [36] emphasized the benefits of multi-
detector computed tomography (MDCT) and 3D postmortem CT angiography (PMCTA),
showing that these technologies allowed for highly detailed internal examinations without
body dissection, preserving body integrity crucial for cultural and religious contexts.

Furthermore, Guglielmi et al. (2015) [40] highlighted that integrating virtual autopsy
techniques into medico-legal practices led to improved injury visualization and the possi-
bility of case review over time, a feature not possible with traditional autopsy. Despite these
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advancements, several studies, including those by Patyal & Bhatia (2023) [38], noted limita-
tions in AI model generalizability due to a lack of diverse forensic datasets, underscoring
the need for ongoing algorithm refinement.

3.2.2. Operational and Financial Barriers

A significant theme across the studies was the challenge posed by operational costs
and financial limitations in adopting advanced forensic imaging technologies.

Beck (2011) [37] and Chango et al., 2024 [16], reported that the acquisition and mainte-
nance of CT and MRI machines impose substantial financial burdens on forensic institutions,
particularly in low- and middle-income countries. Operational costs such as electricity,
software maintenance, and the need for highly skilled operators further exacerbate resource
disparities between high-income and resource-limited settings.

Innovative approaches to cost reduction were discussed, including the use of portable
imaging devices and mobile IoT-driven scanners for remote forensic investigations, as
highlighted by Chango et al., 2024 [16]. However, even these solutions face hurdles related
to device calibration, data transmission security, and specialized training. These findings
emphasize the urgent need for scalable, cost-effective, and decentralized forensic imaging
models that maintain high diagnostic fidelity while remaining financially sustainable.

3.2.3. Ethical and Legal Considerations

The integration of imaging and AI technologies into forensic workflows introduces
complex ethical and legal challenges that were systematically discussed across several studies.

Suhas et al. (2024) [34] underscored concerns regarding data security and digital
postmortem privacy, highlighting the vulnerability of sensitive imaging data to breaches
and unauthorized access if cybersecurity protocols are inadequate. Blockchain-based
solutions were proposed to safeguard chain-of-custody processes and ensure data integrity
throughout forensic workflows.

Guglielmi et al. (2015) [40] and Daly (2019) [36] emphasized the lack of standardized
protocols governing medico-legal imaging, noting that inconsistencies in acquisition meth-
ods and interpretation frameworks could compromise the admissibility of forensic imaging
evidence in court proceedings. The studies collectively stressed the necessity of developing
universal guidelines for forensic imaging, encompassing technical standards, data storage
policies, and ethical governance, to enhance both the scientific validity and legal credibility
of forensic imaging findings.

3.2.4. Interdisciplinary Collaboration, Training, and Cultural Adaptation

A final emergent theme was the critical importance of interdisciplinary collaboration,
structured training, and cultural adaptability in successfully integrating advanced imaging
technologies into forensic practice.

Patyal & Bhatia (2023) [38] and Malfroy Camine et al. (2024) [39] demonstrated that
effective forensic imaging requires seamless collaboration between forensic pathologists, ra-
diologists, anthropologists, and data scientists. Studies revealed that role ambiguity, lack of
mutual understanding of discipline-specific challenges, and absence of standardized interdis-
ciplinary workflows hindered optimal integration of imaging into forensic processes.

Training programs specifically addressing both imaging interpretation and forensic
principles were proposed as necessary for bridging skill gaps. Furthermore, Daly (2019) [36]
and Guglielmi et al. (2015) [40] highlighted the transformative role of virtual autopsies
in regions where traditional autopsies face religious or cultural objections, particularly
in Middle Eastern and Islamic contexts. By offering non-invasive alternatives, imaging
technologies were seen not only as diagnostic tools but also as facilitators of culturally
respectful forensic practices.



Diagnostics 2025, 15, 1410 11 of 16

4. Discussion
This systematic review underscores the transformative potential of integrating ad-

vanced imaging technologies and artificial intelligence (AI) in forensic medicine. The
analyzed literature clearly demonstrates that AI-enhanced imaging tools—such as vir-
tual autopsy (virtopsy), multi-detector computed tomography (MDCT), and AI-driven
diagnostic algorithms—significantly improve diagnostic accuracy, reproducibility, and
operational efficiency in forensic investigations [26,43]. Despite these clear benefits, the
review identified critical operational, ethical, and interdisciplinary challenges that must be
strategically addressed to facilitate broader global adoption [44].

A core finding of this review is the remarkable improvement in forensic diagnostic
precision and reproducibility provided by AI-powered imaging. AI tools such as machine
learning algorithms effectively reduce human error and variability in trauma interpretation,
fracture detection, and postmortem interval estimations [45,46]. However, to ensure these
improvements translate into reliable judicial outcomes, it is crucial that imaging findings
meet rigorous standards for legal admissibility [47]. Forensic evidence must not only be
scientifically sound but also be consistently reproducible, transparent, and defensible under
cross-examination in court [48]. Thus, accuracy and evidentiary reliability significantly
outweigh considerations of implementation costs, as noted by multiple studies [49]. While
financial barriers are genuine concerns, the ultimate priority must be ensuring the scientific
robustness and legal validity of forensic imaging results [50].

This review also reveals an important yet underexplored opportunity for innovation
through the establishment of novel international forensic collaboration models leveraging AI-
based imaging technologies. Given the growing demand for culturally respectful, non-invasive
autopsy alternatives—particularly in Middle Eastern and Islamic contexts—international cooper-
ation in forensic imaging can be both ethically advantageous and operationally beneficial [51]. A
proposed “Global Virtual Forensic Network” (GVFN) could be established, connecting forensic
centers worldwide through secure blockchain-supported digital imaging repositories [52,53].
This network would enable secure, real-time consultation among international forensic experts,
thereby facilitating culturally sensitive examinations, joint diagnostics, and standardized training
programs. Such collaborative models could dramatically enhance global forensic standards, ex-
pand diagnostic capabilities, and improve equitable access to forensic resources in low-resource
regions [54].

Ethical and considerations emerged prominently within the review and require robust
attention in future forensic imaging practices [9]. The digitization and remote transfer of
highly sensitive postmortem imaging data present significant privacy risks and ethical
challenges, necessitating stringent data governance measures [55,56]. Blockchain technolo-
gies, suggested by several included studies, offer promising solutions for safeguarding
chain-of-custody integrity, protecting data privacy, and mitigating cyber vulnerabilities [57].
Ethical compliance is equally critical for addressing potential algorithmic biases inherent in
AI applications, which could compromise the neutrality and objectivity required by forensic
investigations [58]. Ensuring transparency, traceability, and fairness in AI processes will
not only strengthen judicial confidence but also promote broader societal acceptance of
AI-based forensic evidence.

Moreover, the implementation of imaging technologies in forensic medicine necessi-
tates structured interdisciplinary collaboration and education frameworks. Radiologists,
forensic pathologists, anthropologists, and data scientists must engage collaboratively,
supported by training curricula that bridge technical and forensic disciplines [59]. Edu-
cational programs should incorporate training modules on AI application, interpretation
of imaging-based forensic evidence, and adherence to ethical guidelines. Such initiatives
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would reduce inter-professional knowledge gaps and foster cohesive interdisciplinary
forensic teams capable of effectively utilizing these advanced imaging tools [60,61].

While financial and resource constraints were identified as critical barriers, the review
emphasizes that accuracy, reliability, and legal admissibility of forensic findings must
be prioritized over cost considerations. Indeed, operational expenses associated with
advanced imaging technologies remain substantial; however, the societal and judicial
implications of inaccurate forensic diagnoses are significantly greater, reinforcing the
necessity of investments in high-quality forensic imaging capabilities [62,63]. Potential
solutions include adopting portable imaging technologies and shared-resource models
between forensic and healthcare institutions, thereby balancing financial sustainability with
diagnostic accuracy [64].

4.1. Implications

The findings of this systematic review emphasize the transformative potential of
advanced imaging technologies in forensic medicine. These technologies, particularly AI-
driven imaging, virtual autopsies, and IoT-enabled tools, promise to revolutionize forensic
investigations by enhancing diagnostic accuracy, reducing subjectivity, and streamlining
workflows. From a practical perspective, integrating such technologies can improve the
timeliness and reliability of forensic analyses, which is critical in criminal investigations and
legal proceedings. Furthermore, adopting non-invasive imaging techniques can address
cultural and religious sensitivity surrounding traditional autopsies, thereby increasing
public trust in forensic systems. On a policy level, the development of standardized
protocols for acquiring, storing, and presenting imaging data is vital for ensuring legal
admissibility and evidentiary value. Collaborative efforts among international forensic
organizations, such as INTERPOL and ENFSI, can foster the establishment of universal
guidelines and best practices. Additionally, investments in infrastructure and training
programs are necessary to bridge the gap in resource-limited settings, ensuring equitable
access to these advanced diagnostic tools. Finally, interdisciplinary collaboration between
forensic pathologists, radiologists, and technologists must be prioritized to maximize the
potential of these innovations in forensic practice.

4.2. Critical Appraisal of Included Studies

While the reviewed studies collectively demonstrate the promising role of advanced
imaging and artificial intelligence (AI) in forensic diagnostics, several methodological
limitations merit closer scrutiny. A recurrent issue across the dataset is the limited general-
izability of findings due to sample homogeneity or context-specific constraints. For instance,
Ketsekioulafis et al. [35] and Patyal & Bhatia [38] conducted systematic reviews that heavily
relied on datasets derived from high-income regions, thereby underrepresenting forensic
scenarios in low-resource or culturally diverse environments. This raises concerns about the
universal applicability of their conclusions, particularly regarding AI model performance,
which is highly sensitive to training data variability.

Additionally, several studies, such as Suhas et al. (2024) [34] and Tournois et al. (2024) [41],
exhibited moderate risk of bias in domains related to procedural transparency and outcome
measurement reliability. In some cases, small sample sizes or reliance on pilot data—often
derived from specialized forensic centers—limit statistical robustness and hinder the extrapola-
tion of results to broader medico-legal contexts. Moreover, while ethical and legal implications
were mentioned across many studies, only a few provided detailed frameworks for how such
challenges were operationalized or addressed, highlighting a need for more practice-oriented
empirical research.
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To enhance future evidence synthesis, there is a pressing need for multicenter studies
encompassing varied demographic, cultural, and resource settings. This would not only
improve external validity but also support the development of AI models and imaging
protocols that are resilient across forensic populations and legal systems worldwide.

4.3. Limitations

While this review provides valuable insights into the role of advanced imaging tech-
nologies in forensic medicine, it is not without limitations. First, the included studies varied
in design and quality, with some relying on small sample sizes or focusing on specific
case studies, which may limit the generalizability of the findings. Second, most studies
were conducted in high-resource settings, with limited data from low- and middle-income
countries, where resource constraints may significantly impact the feasibility of adopt-
ing these technologies. Third, the rapid pace of technological advancements in forensic
imaging means that some recent developments may not have been fully captured within
the review’s timeframe. Additionally, many studies did not comprehensively address the
potential biases in AI algorithms and the lack of diverse datasets, which could influence
the reported outcomes. Lastly, while discussed, ethical and legal considerations remain
underexplored in practical implementation, requiring further research and clarification.

5. Conclusions
Advanced imaging technologies represent a significant leap forward in the field of

forensic medicine, offering enhanced diagnostic accuracy, non-invasive investigative op-
tions, and improved documentation of evidence. Despite their potential, the successful
implementation of these technologies requires addressing several operational, ethical, and
legal challenges. Standardized protocols, robust training programs, and interdisciplinary
collaboration will be key to overcoming these barriers. This review underscores the need
for continued research, particularly in low-resource settings, to ensure these advance-
ments’ global applicability and equitable distribution. By addressing these gaps, forensic
medicine can fully leverage the transformative power of imaging technologies to improve
the accuracy, efficiency, and reliability of forensic investigations.
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20. Kováč, P.; Jackuliak, P.; Bražinová, A.; Varga, I.; Aláč, M.; Smatana, M.; Lovich, D.; Thurzo, A. Artificial Intelligence-Driven Facial
Image Analysis for the Early Detection of Rare Diseases: Legal, Ethical, Forensic, and Cybersecurity Considerations. AI 2024, 5,
990–1010. [CrossRef]

21. Shah, M.; Saleem, S.; Zulqarnain, R. Protecting Digital Evidence Integrity and Preserving Chain of Custody. J. Digit. Forensics
Secur. Law 2017, 12, 12. [CrossRef]

22. Allah Rakha, N. Cybercrime and the Law: Addressing the Challenges of Digital Forensics in Criminal Investigations. Mex. Law
Rev. 2024, 16, 23–54. [CrossRef]

23. Aziz, B.; Blackwell, C.; Islam, S. A Framework for Digital Forensics and Investigations: The Goal-Driven Approach. Int. J. Digit.
Crime Forensics 2013, 5, 1–22. [CrossRef]

24. Mohammed, M.; Kharoshah, M.A. Autopsy in Islam and Current Practice in Arab Muslim Countries. J. Forensic Leg. Med. 2014,
23, 80–83. [CrossRef] [PubMed]

25. Hunter, P. Alternatives to Vivisection: Scanning technologies replace and complement invasive autopsies. EMBO Rep. 2019,
20, e48380. [CrossRef]

26. Tejaswi, K.B.; Hari Periya, E.A. Virtopsy (Virtual Autopsy): A New Phase in Forensic Investigation. J. Forensic Dent. Sci. 2013, 5,
146–148.

27. Taylor, M.K. Forensic DNA Interpretation and Human Factors: Improving Practice Through a Systems Approach; NIST Intera-
gency/Internal Report (NISTIR); National Institute of Standards and Technology: Gaithersburg, MD, USA, 2024.

28. Flach, P.M.; Thali, M.J.; Germerott, T. Times Have Changed! Forensic Radiology—A New Challenge for Radiology and Forensic
Pathology. Am. J. Roentgenol. 2014, 202, W325–W334. [CrossRef]

29. Kumar, S.; Vats, S. A Review Article on the Transformative Impact of Artificial Intelligence-Powered Autopsy in Forensic Medicine.
Int. J. Multidiscip. Res. 2024, 6, 45–59.

30. Bardach, S.H.; Real, K.; Bardach, D.R. Perspectives of Healthcare Practitioners: An Exploration of Interprofessional Communica-
tion Using Electronic Medical Records. J. Interprof. Care 2017, 31, 300–306. [CrossRef]

31. Qi, M.; Zhou, D.; Yu, X. Application and Innovation of Artificial Intelligence in Forensic Medicine. Comput. Inf. Sci. 2024, 17, 52.
[CrossRef]

https://doi.org/10.1155/2022/5164970
https://doi.org/10.3389/fmed.2023.1272291
https://doi.org/10.7417/CT.2025.5211
https://doi.org/10.23907/2016.050
https://doi.org/10.1098/rstb.2014.0253
https://www.ncbi.nlm.nih.gov/pubmed/26101279
https://doi.org/10.3390/jcm14030782
https://www.ncbi.nlm.nih.gov/pubmed/39941453
https://doi.org/10.3390/diagnostics15060689
https://doi.org/10.3390/diagnostics13172760
https://www.ncbi.nlm.nih.gov/pubmed/37685300
https://doi.org/10.1016/j.fsidi.2023.301675
https://doi.org/10.3390/technologies12080120
https://doi.org/10.3390/healthcare11142084
https://doi.org/10.1016/j.jksuci.2022.10.018
https://doi.org/10.1016/j.diin.2016.08.002
https://doi.org/10.3390/ai5030049
https://doi.org/10.15394/jdfsl.2017.1478
https://doi.org/10.22201/iij.24485306e.2024.2.18892
https://doi.org/10.4018/jdcf.2013040101
https://doi.org/10.1016/j.jflm.2014.02.005
https://www.ncbi.nlm.nih.gov/pubmed/24661712
https://doi.org/10.15252/embr.201948380
https://doi.org/10.2214/AJR.12.10283
https://doi.org/10.1080/13561820.2016.1269312
https://doi.org/10.5539/cis.v17n2p52


Diagnostics 2025, 15, 1410 15 of 16

32. Ahuja, S.; Zaheer, S. Advancements in Pathology: Digital Transformation, Precision Medicine, and Beyond. J. Pathol. Inform. 2025,
16, 100408. [CrossRef]

33. De Marzo, G.; Zaccaria, A.; Castellano, C. Emergence of Polarization in a Voter Model with Personalized Information. Phys. Rev.
Res. 2020, 2, 043117. [CrossRef]

34. Suhas, S.; Lokesh, S.; Pradeep Kumar, H.S. The Evolution of Forensic Medicine in the Digital Era: Enhancing Evidence Collection
and Analysis. Int. J. Med. Toxicol. Legal Med. 2024, 27, 357–363.

35. Ketsekioulafis, I.; Filandrianos, G.; Katsos, K.; Thomas, K.; Spiliopoulou, C.; Stamou, G.; Sakelliadis, E.I. Artificial Intelligence
in Forensic Sciences: A Systematic Review of Past and Current Applications and Future Perspectives. Cureus 2024, 16, e70363.
[CrossRef] [PubMed]

36. Daly, B. Forensic Radiology: An Exciting and Developing Field That Needs More Trained Radiologists. Acad. Radiol. 2019, 26,
831–832. [CrossRef]

37. Beck, J.J.W. What Is the Future of Imaging in Forensic Practice? Radiography 2011, 17, 212–217. [CrossRef]
38. Patyal, S.; Bhatia, T. Artificial Intelligence with Radio-Diagnostic Modalities in Forensic Science—A Systematic Review. CEUR

Workshop Proc. 2021, 3058, 570–578.
39. Camine, L.M.; Magnin, V.; Soto, R.; Bruguier, C.; Grabherr, S.; Varlet, V.; Moghaddam, N. Piece by piece-a computer-aided method

for virtual re-association of commingled fragmented remains. Forensic Sci. Res. 2024, 9, owae035. [CrossRef]
40. Guglielmi, G.; Nasuto, M.; Pinto, A. Forensic and Medico-Legal Radiology: Challenges, Issues and New Perspectives. Radiol.

Medica 2015, 120, 777–778. [CrossRef]
41. Tournois, L.; Trousset, V.; Hatsch, D.; Delabarde, T.; Ludes, B.; Lefèvre, T. Artificial Intelligence in the Practice of Forensic

Medicine: A Scoping Review. Int. J. Legal Med. 2024, 138, 1023–1037. [CrossRef]
42. Kumar, R.; Anil, M.; Panda, S.; Raj, A. Medical Imaging: Challenges and Future Directions in AI-Based Systems. AIP Conf. Proc.

2023, 2782, 020147. [CrossRef]
43. Ebert, L.C.; Ptacek, W.; Naether, S.; Fürst, M.; Ross, S.; Buck, U.; Weber, S.; Thali, M. Virtobot—A Multi-functional Robotic System

for 3D Surface Scanning and Automatic Post Mortem Biopsy. Int. J. Med. Robot. Comput. Assist. Surg. 2010, 6, 18–27. [CrossRef]
44. Uren, V.; Edwards, J.S. Technology Readiness and the Organizational Journey towards AI Adoption: An Empirical Study. Int. J.

Inf. Manag. 2023, 68, 102588. [CrossRef]
45. Singla, A.; Shekhar, S.; Ahirwar, N. AI-Driven Approaches to Reshape Forensic Practices. In Cases on Forensic and Criminological

Science for Criminal Detection and Avoidance; IGI Global: Hershey, PA, USA, 2024; pp. 280–312.
46. Piraianu, A.-I.; Fulga, A.; Musat, C.L.; Ciobotaru, O.-R.; Poalelungi, D.G.; Stamate, E.; Ciobotaru, O.; Fulga, I. Enhancing the

Evidence with Algorithms: How Artificial Intelligence Is Transforming Forensic Medicine. Diagnostics 2023, 13, 2992. [CrossRef]
[PubMed]

47. Langleben, D.D.; Moriarty, J.C. Using Brain Imaging for Lie Detection: Where Science, Law, and Policy Collide. Psychol. Public
Policy, Law 2013, 19, 222–234. [CrossRef]

48. President’s Council of Advisors on Science and Technology. Forensic Science in Criminal Courts: Ensuring Scientific Validity of
Feature Comparison Methods. Exec. Off. Pres. Pres. Counc. Advis. Sci. Technol. 2016, 1–160.

49. Bauge, R.K.; Ryser, E.; Sunde, N.; Horsman, G. Evaluating the Scope of Peer Review in Digital Forensics: Insights from Norway
and the U.K. Sci. Justice 2025, 65, 139–148. [CrossRef]

50. De La Chica, A.; Birkett, J.; Akwei, C.; Lamont, D.; Dawnay, N. Improving the Forensic Genetic Workflow for Countries with
Small Geographical Areas: What Are the Options and How Cost Effective Are They? Forensic Sci. Int. Genet. 2025, 74, 103171.
[CrossRef]

51. Al-Waheeb, S.; Al-Kandary, N.; Aljerian, K. Forensic Autopsy Practice in the Middle East: Comparisons with the West. J. Forensic
Leg. Med. 2015, 32, 4–9. [CrossRef]

52. Atlam, H.F.; Ekuri, N.; Azad, M.A.; Lallie, H.S. Blockchain Forensics: A Systematic Literature Review of Techniques, Applications,
Challenges, and Future Directions. Electronics 2024, 13, 3568. [CrossRef]

53. Igonor, O.S.; Amin, M.B.; Garg, S. The Application of Blockchain Technology in the Field of Digital Forensics: A Literature Review.
Blockchains 2025, 3, 5. [CrossRef]

54. Tortora, L. Beyond Discrimination: Generative AI Applications and Ethical Challenges in Forensic Psychiatry. Front. Psychiatry
2024, 15, 1346059. [CrossRef]

55. Article, R. Ethical Challenges in Forensic Imaging: A Systematic Review of Key Issues, Emerging Artificial Intelligence (AI)
Implications and Future Directions. Int. J. Allied Health Sci. 2017, 8, 403–410.

56. Carew, R.M.; French, J.; Morgan, R.M. Drilling down into Ethics: A Thematic Review of Ethical Considerations for the Creation
and Use of 3D Printed Human Remains in Crime Reconstruction. Sci. Justice 2023, 63, 330–342. [CrossRef] [PubMed]

57. Kshetri, N. Blockchain’s Roles in Strengthening Cybersecurity and Protecting Privacy. Telecomm. Policy 2017, 41, 1027–1038.
[CrossRef]

https://doi.org/10.1016/j.jpi.2024.100408
https://doi.org/10.1103/PhysRevResearch.2.043117
https://doi.org/10.7759/cureus.70363
https://www.ncbi.nlm.nih.gov/pubmed/39469392
https://doi.org/10.1016/j.acra.2019.03.009
https://doi.org/10.1016/j.radi.2011.03.002
https://doi.org/10.1093/fsr/owae035
https://doi.org/10.1007/s11547-015-0567-4
https://doi.org/10.1007/s00414-023-03140-9
https://doi.org/10.1063/5.0154355
https://doi.org/10.1002/rcs.285
https://doi.org/10.1016/j.ijinfomgt.2022.102588
https://doi.org/10.3390/diagnostics13182992
https://www.ncbi.nlm.nih.gov/pubmed/37761359
https://doi.org/10.1037/a0028841
https://doi.org/10.1016/j.scijus.2025.01.005
https://doi.org/10.1016/j.fsigen.2024.103171
https://doi.org/10.1016/j.jflm.2015.02.003
https://doi.org/10.3390/electronics13173568
https://doi.org/10.3390/blockchains3010005
https://doi.org/10.3389/fpsyt.2024.1346059
https://doi.org/10.1016/j.scijus.2023.03.003
https://www.ncbi.nlm.nih.gov/pubmed/37169458
https://doi.org/10.1016/j.telpol.2017.09.003


Diagnostics 2025, 15, 1410 16 of 16

58. Singhal, A.; Neveditsin, N.; Tanveer, H.; Mago, V. Toward Fairness, Accountability, Transparency, and Ethics in AI for Social
Media and Health Care: Scoping Review. JMIR Med. Inform. 2024, 12, e50048. [CrossRef]
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