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Abstract

Background/Objectives: Forensic epigenetics complements DNA profiling by informing
donor age and trace origin, but technical promise does not establish casework validity. We
mapped applications and validation evidence. Methods: Scopus, PubMed/MEDLINE and
Web of Science were searched through 15 June 2026. Empirical reports were assigned a
dominant application and an author-defined C1–C5 evidence category (not a readiness
score). Results: Of 596 assessed full texts, 338 entered the evidence map (322 empirical
studies and 16 contextual records). Among studies, 312/322 (96.9%) fell within C1–C3,
10 were C4 and none met the C5 definition of documented routine implementation in the
indexed and retrievable corpus. C4 records advanced evaluation designs, which may reveal
unsuccessful transfer or unresolved bias rather than acceptable casework performance.
Age estimation (177 studies) and body-fluid/tissue identification (92) accounted for all C4
evidence. Of 272 identifiable methylation workflows, chemical conversion predominated;
23 studies were non-methylation, 26 reused methylation data without a new assay and
one workflow remained unresolved. Conclusions: Published evidence is substantial but
heterogeneous; internal performance cannot substitute for independent validation, inter-
laboratory reproducibility, calibrated uncertainty, laboratory-specific procedures, controlled
reporting and proportionate governance. Study-level counts do not quantify the proportion
of distinct validated methods or establish absence of unindexed operational use.
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1. Introduction
Short tandem repeat (STR) profiling supports the comparison of DNA profiles and

the evaluation of propositions concerning the contributor or contributors to a biological
trace [1,2]. It does not, by itself, determine the cellular origin of the DNA, the donor’s
age, the biological history of the sample, or the activity through which the trace was
deposited. These questions become relevant when contributor-focused profiling alone does
not resolve what biological material is present or what additional biological information can
legitimately be inferred. Forensic epigenetics therefore operates alongside, rather than in
place of, conventional STR profiling by supplying complementary information for distinct
investigative or evidential questions.

Epigenetics refers to molecular modifications that influence genome function without
changing the underlying DNA sequence. DNA methylation has received the greatest
practical attention in forensic research because it is measurable in DNA-based workflows
and can be associated with tissue identity, age, environmental exposure, and other bio-
logical states [3–5]. Unlike inherited STR alleles, however, methylation patterns may vary
across tissues, with age, and in relation to environment, disease, exposure, and sample
history. This same biological variability is the source of forensic information and a major
validation burden.

The literature now covers several distinct applications. DNA methylation-based
age estimation has progressed from CpG discovery to targeted prediction models, exter-
nal validation, and inter-laboratory exercises [6–10]. Body-fluid and tissue identification
has developed around tissue-specific differentially methylated regions and targeted CpG
assays [11,12]. Other areas include monozygotic-twin differentiation and exposure/lifestyle
inference [13–16]. These applications do not have the same forensic role. Age estimation
and most donor-characteristic inferences are predominantly investigative; body-fluid or
tissue identification may have more direct evidential relevance because it concerns the
nature of the biological material. Even then, identifying a body fluid does not establish how,
when, or through which activity the material was deposited. Epigenetic assays likewise
complement rather than displace conventional forensic biology. Visual or alternate-light
examination can help locate or visualise suspected biological material before sampling;
microscopy can provide morphological information about cells or other structures; and
presumptive or confirmatory tests provide different levels of support for the presence or
identity of particular biological materials. Epigenetic assays address a different layer by
interrogating molecular marks in extracted nucleic acid to support tissue-of-origin, age, or
other donor-characteristic inference. These functions are complementary, and conventional
examination or testing may remain necessary even when an epigenetic assay is used. In-
tegrated molecular studies have also combined methylation information with microbial
DNA, nearby genetic variants, or multi-marker sequencing [17–19]. Such combinations
were treated in this review as supporting workflows or cross-cutting features rather than
evidence that the combined workflow is routinely implemented.

STR and epigenetic methods nevertheless share core validation requirements. Both
require defined intended use, analytical accuracy and precision, repeatability and repro-
ducibility, sensitivity studies, evaluation of low-template and degraded material, mixture
studies, contamination control, thresholds, laboratory-specific validation, inter-laboratory

https://doi.org/10.3390/epigenomes10040070

https://doi.org/10.3390/epigenomes10040070 


Epigenomes 2026, 10, 70 3 of 50

or proficiency-testing evidence, quality assurance, and controlled reporting [20–23]. These
requirements are not unique to forensic science in principle; what is distinctive is the
intended forensic use. Methods may be applied to limited, degraded, mixed, or otherwise
compromised traces, and their results may inform investigative or judicial decisions, so
validated scope, uncertainty, interpretation rules, and reporting limits must be explicit.
Published developmental or collaborative evidence can support a laboratory’s decision
to undertake internal validation, but it cannot replace that laboratory-specific process.
Practical transfer also depends on laboratory context: a specialised epigenetic research
workflow may perform strongly under defined conditions, whereas a forensic laboratory
considering routine use must demonstrate performance with its own personnel, instrumen-
tation, pre-analytical procedures, thresholds, quality system, and reporting rules [20–23].
Table 1 summarises these validation parallels as a conceptual comparator only; it does not
treat STR profiling or serology as a parallel classified corpus.

Table 1. Comparison between validation requirements for short tandem repeat (STR) profiling and
forensic epigenetic applications.

Validation Domain STR Profiling Forensic Epigenetics Implication for Forensic Use

Marker characteristics

The STR genotype is normally
consistent across nucleated cells
of the same individual, apart from
rare biological or technical
exceptions.

Methylation states may vary with
tissue, age, environment, disease,
exposure, and time.

Biological variability is both the
source of information and a
potential confounder.

Analytical validation

Accuracy, precision, sensitivity,
specificity, reproducibility,
contamination control, thresholds,
and instrument/software
performance are established.

The same core characteristics
apply, with additional attention to
method-specific conversion,
digestion, or detection efficiency;
methylation bias; CpG coverage;
batch effects; and
platform-specific calibration.

Strong analytical performance is
necessary for both, but
assay-specific artefacts differ.

Sensitivity and low-template
testing

Low-template effects, allele
dropout, stochastic imbalance,
and analytical thresholds are
evaluated.

Low DNA quantity may be
compounded by pre-analytical
and assay-related losses during
conversion or restriction
digestion, as well as stochastic
methylation measurements.

Minimum input and
reportable-result criteria must be
established for each assay.

Degraded samples
Fragment size, locus dropout,
inhibition, and partial profiles are
evaluated.

Degradation may affect DNA
recovery, chemical or enzymatic
conversion, restriction digestion,
target amplification, and
tissue-associated methylation
signals.

Short targets and representative
aged or environmentally exposed
samples are required.

Mixtures

Validation designs and
interpretation protocols address
multiple contributors and
contributor ratios.

Mixtures may contain multiple
donors, multiple tissue types, or
both, altering measured
methylation and classification.

Donor and tissue mixture
behaviour must be tested
explicitly.

Interpretation

Results generally support
comparison and evaluation
concerning the contributor or
contributors to DNA findings.

Outputs commonly estimate age
or classify tissue, fluid, exposure,
or another biological
characteristic.

The intended forensic question
and permitted inference must be
defined before validation.

Statistical reporting
Validated statistical approaches
express the support for competing
propositions.

Reporting may require calibrated
probabilities, prediction intervals,
error distributions,
sensitivity/specificity, and
false-classification rates.

A point estimate or strong
classification metric alone is
insufficient for forensic reporting.
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Table 1. Cont.

Validation Domain STR Profiling Forensic Epigenetics Implication for Forensic Use

Laboratory-specific validation

Laboratories establish procedures,
thresholds, interpretation rules,
and limitations before
implementation.

The same requirement applies,
with additional local assessment
of tissue, population, platform,
model, and pre-analytical
workflow.

Published validation cannot
replace internal laboratory
validation.

Inter-laboratory and
proficiency-testing evidence

Collaborative exercises, quality
systems, and proficiency testing
are established.

Such evidence remains limited
and application-specific.

Between-laboratory
reproducibility remains a major
implementation gap.

Evidential role

Primarily addresses the
contributor or contributors to
DNA results; further propositions
require separate evaluation.

Age and many
donor-characteristic inferences are
mainly investigative;
body-fluid/tissue findings may
inform propositions about the
biological nature of the trace and,
together with other case
information, contribute to
subsequent activity-level
evaluation.

Body-fluid identification does not
by itself establish how or when
deposition occurred.

Ethical and governance issues
Concerns include privacy,
database use, kinship, and
interpretation.

Some applications may disclose
age, health, behaviour, exposure,
or life-history information.

Sensitive inferences require
necessity, proportionality, data
protection, and reporting limits.

Note: This conceptual comparison is based on established forensic DNA, serology validation, and reporting
guidance [20–25]. It was used to frame interpretation and was not derived from the qualifying empirical corpus.
STR profiling was not reviewed as a parallel corpus and was not classified using Categories 1–5.

Epigenetic applications also require evidence directed at the validity of the inference
itself. Depending on the endpoint, this includes tissue specificity, population transferability,
model calibration, prediction intervals or classification uncertainty, false-positive and
false-negative behaviour, biological and environmental confounding, and explicit limits
on reporting. The distinction between investigative use, analytical measurement, and
evaluative interpretation is therefore important, particularly when probabilistic biological
results may be used in legal proceedings [24,26–28].

In this review, “casework-relevant” denotes research using forensic sample types,
conditions, workflows, or interpretative questions intended to inform casework; it does not
indicate established use in routine forensic practice. Routine forensic implementation was
treated as the highest evidential endpoint and distinguished from commercial availability,
developmental validation, collaborative exercises, isolated case applications, isolated labo-
ratory use, or informal knowledge of use [20–25]. The full Category 5 criteria are defined in
Methods and Table 2.

Although the forensic epigenetics literature has expanded rapidly, biomarker dis-
covery, internal model performance, external validation, testing of mixtures or degraded
samples, inter-laboratory reproducibility, and documented forensic implementation rep-
resent different forms of evidence [9,10,29,30]. A high coefficient of determination, low
mean absolute error, or high classification accuracy may demonstrate technical promise
without establishing that the result can be interpreted and reported reliably for a defined
forensic use.

Earlier syntheses described the principal applications, analytical approaches, and
broader forensic-genetics or epigenomic context [3,30]. The additional synthesis in this
review is not simply a larger catalogue of publications: it links each qualifying empiri-
cal report to a defined forensic endpoint and molecular stratum, maps the documented
validation evidence at study/report level, separates platform capability from endpoint-
specific forensic validity, and identifies where transferability, uncertainty, inter-laboratory
reproducibility, and implementation documentation remain missing.
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Table 2. Author-defined validation evidence categories.

Category Working Definition Evidence Supporting Assignment What the Category Does Not
Establish

1 Exploratory discovery
Marker discovery, association,
descriptive evidence, or initial proof of
concept with limited validation testing.

A validated assay, model, or
forensic interpretation.

2 Initial technical evidence

Assay or model development with
internal performance, training/test
splitting, cross-validation, or limited
technical testing, but little independent
or representative forensic validation.

External validation, transferability
beyond the development setting,
or support for routine forensic
implementation.

3 Pre-implementation validation

Independent or external validation,
broader technical testing, or evaluation
with relevant forensic samples, while
important gaps remain in transferability,
mixtures, uncertainty, reproducibility, or
reporting.

Readiness for routine casework
without further
laboratory-specific validation and
resolution of the remaining gaps.

4
Advanced validation evidence
under defined conditions
(evaluation, not proof of success)

For a selected assay or model, stronger
external, collaborative, inter-laboratory,
representative-sample, interpretative, or
implementation-oriented evidence with
defined limitations.

Validation of the application area
as a whole, completed
laboratory-specific validation,
transferability beyond the tested
conditions, or routine use.

5 Documented routine forensic
implementation

Published, indexed, and retrievable
evidence of routine forensic casework
implementation following
laboratory-specific validation, standard
operating procedures, quality assurance,
and defined interpretation/reporting
practices.

Accreditation, legal admissibility,
universal transferability, or
routine use beyond the
documented setting(s).

Note: The categories summarise the type of published evidence found in this review at the level of the individual
empirical study/report. “Evidence supporting assignment” describes the evidence pattern documented in a
report; it is not a checklist in which every element must be present. The breadth of an advanced evaluation does
not establish a satisfactory transfer or interpretation outcome. The categories do not estimate the proportion of
distinct assays, models, or method families that are validated; they do not certify legal admissibility, accreditation,
proficiency-testing status, laboratory implementation, or routine use outside the indexed and retrievable corpus;
and they do not replace laboratory-specific validation. Operational decision rules and boundary examples are
provided in Supplementary Table S9.

Accordingly, this systematic scoping review had four linked objectives: (1) to map the
principal forensic epigenetic applications and molecular strata represented in the retrieved
literature; (2) to classify, at the level of the qualifying empirical study/report, the reported
validation evidence using the author-defined Categories 1–5 in Table 2; (3) to characterise
analytical principles and downstream platforms separately from forensic endpoints; and
(4) to identify the evidential gaps separating discovery, pre-implementation validation,
advanced validation under defined conditions, and documented routine forensic imple-
mentation. An additional interpretative aim was to distinguish analytical performance
from the validity, transferability, uncertainty, and reportability of the forensic inference.
The review was not designed as a bibliometric analysis of citation impact, publication
productivity, or research networks. The categories were not designed as a numerical score,
a universal quality scale, an accreditation standard, or a legal admissibility test.

2. Results
2.1. Study Selection and Composition of the Evidence Base

Within the evidence map, an empirical primary study was defined as an original
investigation that directly evaluated a defined forensic endpoint or a method or model
intended to support such an endpoint under the review eligibility criteria; contextual
records were original relevant sources that did not meet that endpoint-focused empirical
definition. The database searches identified 2212 records. After removal of 1557 duplicate
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or overlapping records, 655 records remained; 44 were excluded at title/abstract screen-
ing, 611 reports were sought, 15 were not retrieved, and 596 were assessed in full. Of
these, 338 records were included in the evidence map: 322 empirical primary studies and
16 contextual records. A further 143 full-text reports were retained outside the evidence
map for background, comparator, or citation-tracking purposes, and 115 were excluded
or non-qualifying (Figure 1). Of the 143 reports retained outside the evidence map, 81 are
represented in Table S2 as 69 background/secondary records and 12 comparators. The
remaining 62 are individually identified in Supplementary Table S8: 43 reviews retained
for citation tracking and 19 background/context reports. Table S2 is a study-level register
rather than a separate PRISMA denominator and also retains 10 records (seven excluded
and three non-human) that are listed in Table S3 to document their final roles; these over-
lapping table entries do not represent additional PRISMA reports. None of the 143 reports
retained outside the evidence map contributed to empirical application totals, Categories
1–5, or validation claims.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for Scoping Reviews
(PRISMA-ScR) flow diagram [31]. Of 596 full-text reports assessed, 338 records were included in the evidence
map (322 empirical primary studies and 16 contextual records), 143 were retained outside the evidence map for
background, comparator, or citation-tracking purposes, and 115 were excluded or non-qualifying. Individual
full-text exclusion or non-qualifying reasons are reported in Supplementary Table S3. Of the 143 retained
outside the map, 81 are documented in Table S2 (69 background/secondary and 12 comparator reports), and
62 are documented separately in Table S8. Ten excluded/non-human entries are intentionally listed in both
Tables S2 and S3 for traceability, not counted twice. The 15 reports not retrieved were not among the
596 assessed full texts.
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The 322 empirical primary studies were assigned to five mutually exclusive primary
application areas. Age estimation accounted for 177 studies (55.0%), body-fluid/tissue
identification for 92 (28.6%), monozygotic-twin differentiation for 21 (6.5%), sequenc-
ing/platform/method development for 20 (6.2%), and other donor-characteristic inference
for 12 (3.7%) (Figure 2). Primary application reflected the dominant endpoint of each
study; secondary application and cross-cutting tags were non-additive and did not alter
these totals. These percentages describe the retrieved, methylation-centred corpus, not the
relative volume of research across the whole field; search coverage differed by application
and molecular stratum (Methods Section 4.2; Supplementary Table S5).

Figure 2. Primary forensic application areas among the 322 qualifying empirical studies. The five application
areas were mutually exclusive and assigned according to the dominant application of each study; application
and cross-cutting tags were non-additive.

DNA methylation remained the dominant molecular stratum: 288 of 322 empirical
studies (89.4%) were DNA-methylation studies, 12 (3.7%) were mixed-molecular studies,
and 22 (6.8%) were transcriptomic/non-coding RNA studies. The latter were retained
as a distinct molecular stratum and were not described as DNA-methylation evidence;
they were captured without a dedicated non-coding RNA search and are not an exhaus-
tive RNA literature sample. Application-by-molecular-stratum counts are provided in
Supplementary Table S5.

2.2. Distribution of Validation Evidence

Using the final operational rules, each of the 322 empirical study reports was assigned
to the highest category supported by its documented evidence (Methods Section 4.4; Table 2;
Supplementary Table S9). The final distribution was Category 1 = 19 (5.9%), Category 2 = 139
(43.2%), Category 3 = 154 (47.8%), Category 4 = 10 (3.1%), and Category 5 = 0. Accordingly,
312/322 studies (96.9%) remained exploratory, provided initial technical evidence, or were
at a pre-implementation validation stage. Because classification was performed at the study-
report level, this percentage describes the distribution of published study reports and should
not be interpreted as the proportion of distinct assays, models, or method families that are
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insufficiently validated. Within the principal DNA-methylation stratum, the corresponding
distribution was Category 1 = 16, Category 2 = 124, Category 3 = 138, Category 4 = 10, and
Category 5 = 0; thus, 278/288 DNA-methylation studies (96.5%) remained within Categories 1–
3. The 10 Category 4 studies concerned selected age-estimation models and body-fluid/tissue
assays subjected to advanced evaluation under defined conditions; Category 4 records the
evaluation design and documentary breadth, including unsuccessful transfer or residual
systematic bias, rather than universally satisfactory validation performance. No empirical
study met the Category 5 definition of documented routine forensic implementation within
the indexed and retrievable corpus.

The category distribution differed among applications (Figure 3). Age estimation
contained seven Category 4 studies and body-fluid/tissue identification contained three;
all other primary application groups remained within Categories 1–3. Contextual records
were reported separately and were not assigned a Category 1–5 classification. Full study-
level classifications and rationales are provided in Supplementary Tables S2 and S4, with
application-level distributions summarised in Supplementary Table S5.

Figure 3. Distribution of validation evidence categories within the five mutually exclusive empirical primary
application areas and in the overall empirical corpus. Percentages were calculated within each row; rounded
values may not sum to 100%. The legend provides abbreviated category descriptions. Category 4 (“advanced
validation evidence”) denotes an advanced evaluation design, not necessarily a successful transfer or validation
outcome. Category 5 (documented routine forensic implementation) was not assigned to any study in the
indexed and retrievable corpus.

2.3. Age Estimation

In this review, “age estimation” denotes inference of a person’s chronological age from a
biological sample, including chronological age at death when postmortem material is used.
It does not denote postmortem interval or time since death, sample/stain age (time since
deposition), or wound age. Postmortem interval/time-since-death and time-since-deposition
endpoints were treated as distinct from chronological-age estimation; as reported in Section 2.5,
no qualifying empirical study had either as its dominant primary application. Wound-age
estimation was outside the mapped primary endpoints of this review and was not sepa-
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rately analysed. Age estimation was the largest empirical application area and contained
the greatest number of studies with advanced validation evidence. Its distribution was Cat-
egory 1 = 7, Category 2 = 75, Category 3 = 88, Category 4 = 7, and Category 5 = 0. Selected
advanced-validation studies include receiving-laboratory and collaborative/inter-laboratory
evaluations [9,10,32–35]. A further receiving-laboratory, cross-platform transportability evalu-
ation is described in Table 3 and Supplementary Tables S10 and S11. Category 4 applied only
to selected assays or models tested under defined external, collaborative, transferability, or
inter-laboratory conditions; it did not indicate that age estimation as a whole was established
as a routine forensic service.

The age-estimation literature included targeted models developed for defined tissues
such as blood, saliva or buccal cells, with extensions to semen, bone, teeth, postmortem
samples used for age-at-death estimation, and other difficult matrices [36–51]. Studies at
Category 3 or 4 reported independent datasets, receiving-laboratory transfer, collaborative
exercises, casework-relevant stains, or broader technical testing. These designs were
heterogeneous. Cross-validation or a training/test split contributing to feature selection,
choice among candidate models, fitting, or parameter tuning remained Category 2 evidence.
A clearly held-out validation set not used for those development steps could contribute to
Category 3 when it provided endpoint-specific validation beyond model fitting, but did
not by itself establish Category 4.

Remaining constraints included population and tissue transferability, degraded or
low-template traces, mixtures, calibration across laboratories and instruments, failure
criteria, and transparent reporting of prediction uncertainty. Analytical accuracy was
therefore necessary but insufficient for a defined forensic use. Reported error estimates
in living-donor blood or buccal samples and estimates of chronological age at death from
bone or teeth concern different target populations and matrices; they should not be pooled
or ranked without matching endpoints, age distributions and measurement conditions.

2.4. Body-Fluid and Tissue Identification

Body-fluid and tissue identification was the second largest empirical application area,
with Category 1 = 1, Category 2 = 33, Category 3 = 55, Category 4 = 3, and Category
5 = 0 [52–54]. The Category 3 block reflected substantial single-laboratory and forensic-
like pre-implementation testing, while Category 4 remained restricted to selected assays
evaluated through advanced external, collaborative, or inter-laboratory designs.

The evidence centred on tissue-specific DNA methylation and differentially methy-
lated region or CpG assays for semen, saliva, blood, vaginal or menstrual material, skin or
epidermal traces, and broader tissue-of-origin questions [11,55–57]. Parallel non-coding
RNA strategies and overlapping platform tags—including methylation arrays, quantita-
tive PCR (qPCR), SNaPshot, and pyrosequencing—were also represented [17,18,58–63].
Because these target and platform tags were descriptive and non-additive, their study-
level frequencies are reported in Supplementary Tables S6 and S7 rather than used as
application denominators.

Reported validation evidence included collaborative exercises, independent or inter-
laboratory testing, developmental validation, casework-oriented samples, and targeted
marker validation [12,52–54,64–66]. The main unresolved requirements were reproducible
interpretation thresholds, sensitivity and specificity estimates, limits of detection, tissue-
source mixtures versus mixtures of individual donors, low-template and degraded stains,
environmental challenges, compatibility with downstream STR profiling, and broader
inter-laboratory or proficiency-testing evidence. Experiments containing two biological
fluids from one person cannot automatically establish performance on mixtures from
two individuals.
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Actual casework material was nevertheless represented in both major application ar-
eas. Examples included a semen-identification assay evaluated on 33 police casework sam-
ples [65], a semen-age model applied to an actual rape case [67], and age-estimation studies
using actual crime-scene blood or casework skeletal samples [68,69]. Body-fluid/tissue
studies also included material from 18 forensic cases [70] and two actual casework samples
examined with combined STR and epigenetic approaches [71]. These reports demonstrate
direct contact with case material, but an assay yielding a measurement on a controlled
reference specimen, an interpretable result on a mock trace, and a reportable conclusion
from an actual submitted forensic item represent different evidential circumstances. A
single case application or a small case series was kept distinct from collaborative valida-
tion, laboratory implementation, and documented routine use; no separate corpus-wide
casework prevalence is therefore reported.

2.5. Other Forensic Applications

No qualifying empirical study had postmortem interval or time-since-deposition infer-
ence as its dominant primary application. Related work remained represented in the wider
evidence base through secondary application tags, background/secondary records, and non-
human evidence [72–77]. For example, Bilinsky (2025) [73] was classified by its dominant
body-fluid/tissue-identification endpoint despite a descriptive time-interval tag; Hashiyada
(2019) [72] was retained as background/secondary, and Sjöholm (2018) [76] concerned non-
human rat-brain material rather than eligible human forensic PMI inference. These examples
reflect the eligibility and dominant-endpoint rules rather than an absence of related research.
The individual study dispositions can be traced in Supplementary Tables S2 and S3. These
sources also show why age at death, time since death, and time since deposition should not be
treated as interchangeable endpoints: decomposition, temperature, tissue specificity, agonal
state, environmental exposure, and casework sampling can alter both the measured signal
and its interpretation.

Monozygotic-twin differentiation comprised 21 empirical studies: Category 1 = 9,
Category 2 = 8, Category 3 = 4, Category 4 = 0, and Category 5 = 0 [13,14,78–86]. The
evidence supported biological plausibility and increasing technical sophistication across
DNA-methylation and several non-coding RNA approaches; one retained study also had
an analytically unresolved sequencing workflow. Important constraints remained tissue
dependence, age-related and stochastic divergence, longitudinal stability, cohort size, and
reproducibility under forensic sample conditions. Discrimination among known within-
pair reference materials should not be conflated with validated inference from unknown
trace material across tissues or over time.

Other donor-characteristic inference comprised 12 empirical studies: Category 1 = 0,
Category 2 = 6, Category 3 = 6, Category 4 = 0, and Category 5 = 0. The empirical evidence
included targeted smoking- and alcohol-related studies [15,16,87,88]. Philibert et al. [89]
was retained as a contextual record because the reported toolkit was evaluated for insurance
and treatment monitoring rather than a defined forensic inference. Additional qualifying
work addressed multi-trait or smoking-related models [90–92]. Wang et al. [93] had height
as the dominant endpoint, while multi-trait work also assessed height alongside other char-
acteristics [90]. Primary-application counts therefore reflect dominant endpoint assignment
and should not be read as counts of every trait examined. Individual-level inference in this
broader domain remained vulnerable to confounding, population transferability, tissue
effects, uncertainty, privacy concerns, and overinterpretation.

Sixteen contextual records provided ethical, legal, governance, field-development, or
directly relevant biological and technical context. Because they fell outside the qualifying

https://doi.org/10.3390/epigenomes10040070

https://doi.org/10.3390/epigenomes10040070 


Epigenomes 2026, 10, 70 11 of 50

empirical endpoint framework, they were not assigned a Category 1–5 classification and
did not contribute to Categories 1–5.

2.6. Molecular Strata, Detection Principles, and Analytical Platforms

Sequencing, platform, and method-development studies accounted for 20 primary
empirical records: Category 1 = 2, Category 2 = 17, Category 3 = 1, Category 4 = 0, and
Category 5 = 0 [19,94–99]. Platform capability was treated as supporting an endpoint rather
than as a forensic endpoint in itself.

An identifiable methylation-discrimination workflow was reported for 272 empiri-
cal studies. Chemical conversion, predominantly bisulfite, was the primary principle in
243 studies (89.3% of identifiable workflows). Restriction-digestion approaches accounted
for 18, hybrid/comparative multiple principles for 5, direct native-DNA methylation
detection for 3, and enzymatic conversion, affinity/enrichment, and native-DNA frag-
mentomics for one study each. MSRE and MDRE were classified as restriction-digestion
approaches and were not treated as enzymatic conversion. Outside this denominator,
23 empirical studies were non-methylation studies, 26 reused existing methylation data
without performing or reporting a new molecular assay, and one study, Zeng et al. [86],
retained an unresolved analytical workflow and was not assigned a definitive nanopore or
PCR-amplified workflow.

Methodological and readout/platform tags were recorded separately and were
non-additive. Chemical conversion appeared as a methodological tag in 248 studies,
MSRE in 19, MDRE in 8, enzymatic conversion in 3, direct native-DNA detection in 3,
and affinity/enrichment and fragmentomics in one study each. Readout tags included
computational/public-data modelling (104), capillary electrophoresis or fragment analysis
(98), pyrosequencing (80), and quantitative PCR, droplet digital PCR, methylation-specific
PCR, or high-resolution melting (qPCR/ddPCR/MSP/HRM; 66). Additional tags com-
prised massively parallel or next-generation sequencing, including targeted sequencing
(MPS/NGS; 61), SNaPshot or single-base extension (SBE) with capillary electrophore-
sis (59), methylation microarrays (44), other expression/readout or not reported (36),
MassARRAY/Agena EpiTYPER (14), nanopore/direct single-molecule detection (3), and
lateral-flow/dipstick readout (1). These frequencies overlap and must not be added to
the empirical denominator. Quantification-only qPCR, methods merely cited, and reused
arrays or sequencing datasets were not counted as generated platforms; reused/public-
data analysis was coded only in its dedicated tag. Detailed full-text-based study-level
coding is reported in Supplementary Tables S6 and S7, with Zeng 2026 [86] retained as
analytically unresolved.

Table 4 summarises the empirical application-level findings and reports the contextual
records separately. It presents the complete category distribution because the small number
of Category 4 studies applies only to selected assays or models and does not define the
status of an entire application area. Table 3 presents the 10 Category 4 studies individu-
ally; Supplementary Table S10 provides the corresponding detailed sample, laboratory,
performance, forensic-condition, and limitation fields. Supplementary Table S11 further
records descriptive relationships among the ten reports and the difference between unique
biological contributors, shared specimens and repeated technical measurements where
source-identifiable; it does not provide an additional independent-method denominator.
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Table 3. Category 4 studies: advanced evaluations under defined conditions.

Study/Intended Use Samples and forensic Conditions Validation Design/Laboratories Key Findings and Remaining
Limitations

Pfeifer (2020) [9]—age estimation;
transfer of published
blood/buccal pyrosequencing
models.

151 postmortem blood samples (1
day–96 y) and 149 buccal swabs
(13 days–95 y) were collected; 100
buccal samples were used for the
initial local model evaluation and
49 additional buccal samples were
later used as a test set.
Twenty-one fresh-blood samples
were analysed for
fresh-versus-stored/postmortem
comparison.

One receiving laboratory first
tested the published Bekaert
blood and buccal models directly,
then retrained local models. The
retrained blood model was
evaluated on the 206 online
Bekaert blood records (external to
the local retraining set); the
retrained buccal model was
evaluated on 49 additional local
buccal samples. The publication
does not report how the 100/49
buccal split was selected.

Direct transfer performed poorly
(MAD 9.84 y blood). For buccal
samples, the source contains an
internal numerical discrepancy:
the abstract reports an initial
MAD of 8.32 y, whereas the
Results section reports 8.68 y for
the 100-sample direct application.
Apparent fit after local retraining
improved to MAD 5.55 y (blood)
and 4.65 y (buccal), whereas
post-retraining evaluation yielded
MAD 6.49 y on the 206 Bekaert
blood records and 4.47 y on the 49
buccal test samples. The study
therefore documents informative
transfer failure and local
adaptation, but not
multi-laboratory implementation
or routine use.

Heidegger (2022) [10]—semen age
estimation; VISAGE ET-13
targeted bisulfite-MPS assay.

99 assay-validation preparations
across methylation standards and
semen materials; concordance
DNA and FTA-card stains from
two semen donors (33 and 42 y).
Sensitivity inputs were 50, 20, 10
and 1 ng into bisulfite conversion.

Five VISAGE laboratories
performed one collaborative
ET-13 validation run each,
assessing reproducibility,
concordance, species specificity
and a low-input series. The
sensitivity experiment used
methylated DNA standards rather
than a broad donor-level semen
series.

Most markers/samples met the
1000-read threshold down to 10
ng, with a small number of 10-ng
dropouts; every 1-ng sample had
at least two marker dropouts (36
dropouts in total). Methylation
variability increased below 50 ng.
Mock-stain age deviations were
5.4 y and 2.0 y for the two donors.
Thus, 1 ng was tested but did not
demonstrate acceptable assay
sensitivity; broader
donor/casework validation
remains required.

Kampmann (2024) [32]—blood
age estimation; five-CpG
bisulfite-pyrosequencing protocol
on PyroMark Q48.

49 blood donors aged 18–64 y
plus methylation controls;
samples analysed in triplicate. No
aged/degraded casework stains
were tested.

Five forensic genetic laboratories
used a common protocol and
existing age model in a
collaborative exercise.

Overall MAD 3.62 y.
Demonstrated inter-laboratory
feasibility and exposed
platform/QC constraints, but
trace robustness, broader
population transferability and
routine implementation remained
unshown.

Heidegger (2025)
[33]—blood/buccal age
estimation; VISAGE Enhanced
Tool and associated models.

Technical testing used
methylation controls plus
blood/saliva; model evaluation
used 160 blood and 100 buccal
samples independent of the
original VISAGE testing sets.
Sensitivity maintained to 5 ng.

Six laboratories completed
technical phases; three
governmental laboratories
evaluated the age-prediction
models.

MAE 3.95 y (blood) and 4.41 y
(buccal). One laboratory showed
systematic blood-age bias;
excluding it reduced blood MAE
to 3.1 y. Supports inter-lab
robustness but reinforces
laboratory-specific validation.

Onofri (2025) [34]—blood-age
estimation; Ge.F.I. five-locus
bisulfite–SBE/SNaPshot assay.

Blood and dried mock-stain
specimens from 22 Italian
volunteers. Six laboratories
contributed 528 technical replicate
records (four per
subject/laboratory), not 528
independent donors.

Ten laboratories participated
across three phases; six supplied
final quantitative data. Replicates
were averaged to subject level
before laboratory-specific
leave-one-out cross-validation
(LOO-CV). Phase II/III alignment
used age-informed regressions.

Mean laboratory MAD increased
from 3.07 y to 4.41 y with
subject-level LOO-CV; laboratory
effects explained 33.8% of residual
variance. The 5.24-y mean width
of a 95% CI around the
cross-laboratory mean is not a
single-case prediction interval.
Preprocessing may introduce
optimism if age-based alignment
was not refitted inside CV; the
source does not establish this.
Only 22 donors were studied; see
S10 for complete methodological
details.
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Table 3. Cont.

Study/Intended Use Samples and forensic Conditions Validation Design/Laboratories Key Findings and Remaining
Limitations

Lee (2022) [35]—age estimation
(primary) with body-fluid typing
as an enabling secondary
endpoint; SNaPshot multiplexes.

Each of 12 laboratories received 24
standardised test samples derived
from blood, saliva and semen;
four progressively complex tasks
covered the complete workflow,
including undisclosed sample
characteristics.

Twelve forensic laboratories
participated in a full-workflow
collaborative exercise.

Mean absolute age-prediction
error across participant data: 2.7 y
(semen), 5.0 y (blood), 3.8 y
(saliva); body-fluid results were
mostly conclusive (98%).
Analyzer, buffer, input and local
workflow effects remained; local
validation/SOPs required.

Liu (2022) [52]—spermatozoa
identification; 3-plex HhaI
MSRE-PCR assay.

Nine blinded volunteer-derived
mock samples: two semen, two
saliva, one blood, and four
semen-containing two-fluid
mixtures at defined ratios.

Six of eight invited Taiwanese
forensic laboratories completed a
collaborative test, applying their
local presumptive testing, DNA
extraction and quantification
before the shared MSRE-PCR
assay.

All six laboratories reported
concordant expected
sperm-identification results on
prepared samples. Local
analytical thresholds, broader
proficiency testing, actual
casework samples and routine
reporting/QA remain
unestablished; see S10.

Kim (2024) [53]—organ/tissue
identification; EPIC marker
discovery followed by
methylation-SNaPshot multiplex.

Korean/Asian autopsy material
for development and internal
validation; multiplex tested on 88
autopsy samples. Independent
German comparison: 80 samples
from 10 individuals.

Development laboratory plus
independent German
inter-laboratory comparison;
sensitivity and mixture
experiments were also reported.

Internal detection was 100%
across nine tissue types;
independent comparison correctly
identified 74/80 samples (92.5%).
Lung/kidney and
threshold/dropout effects
remained; no routine
implementation.

Jung (2016) [54]—body-fluid
identification; seven-CpG
methylation SNaPshot multiplex.

30 prepared specimens covering
blood, saliva, semen and vaginal
fluid; staged tasks included
known/unknown sources and
mixtures, progressing to
extraction and bisulfite
conversion.

Seven laboratories completed a
staged collaborative exercise
spanning capillary analysis
through the full analytical
workflow.

Six laboratories generated
consistent results through
complex tasks and all laboratories
concurred on final interpretations.
Sensitivity/error-rate thresholds
and formal interpretive guidelines
were not established.

Poussard (2023)
[100]—saliva/buccal age
estimation; cross-platform
transfer of published Jung
age-prediction models from
SNaPshot to pyrosequencing.

Saliva and buccal swabs from 115
French individuals aged 0–88 y.
Analytical adaptation used
methylation standards for
trueness, sensitivity and
repeatability; DNA-input testing
covered 300, 150, 75 and 37.5 ng,
with 75 ng selected as the
practical compromise.

A receiving forensic laboratory
adapted primers/PCR conditions
and the analytical platform before
evaluating the published
tissue-specific and multitissue
models on the 115-donor cohort.
The donor cohort was used for
performance evaluation rather
than for setting the analytical
adaptation conditions.

MAE 3.5 y (saliva), 3.9 y (buccal)
and 3.2 y (multitissue);
approximate 95% prediction
intervals were ±9 y for saliva and
±10 y for the other models. The
study explicitly tested
cross-platform transportability
and documented age-range and
DNA-input limitations,
supporting C4 under defined
conditions; it remained
single-laboratory and did not test
mixtures, degraded traces,
inter-laboratory reproducibility or
routine implementation.

Note: Category 4 denotes evidence from advanced evaluation of the defined assay or model under the conditions
tested, not necessarily successful validation. It does not indicate validation of an entire application area,
completion of each laboratory’s internal validation, universal transferability, routine forensic implementation,
accreditation, or legal admissibility. Performance values are reported only to characterise the source-specific
validation evidence and were not pooled across studies. An unsuccessful receiving-laboratory transfer or sys-
tematic between-laboratory bias may be informative for advanced evaluation without demonstrating acceptable
casework performance.

3. Discussion
The findings provide a structured account of the published evidence rather than a

verdict on the ultimate value of any method. The main result is that most qualifying publi-
cations document discovery, initial technical evidence or pre-implementation validation,
whereas advanced evaluations and documented implementation remain uncommon. These
report-level counts must not be interpreted as estimates of the number of distinct assays or
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models that are insufficiently validated. The more consequential gap is the limited accumu-
lation of evidence on transferability, interpretative uncertainty, laboratory implementation
and controlled reporting beyond the development setting. Category 4 is not a common
performance grade: an independent transportability experiment that exposes bias and a
multi-laboratory collaborative exercise may both document advanced evaluation while
yielding different conclusions about the method itself.

The absence of Category 5 evidence is therefore a finding about documentation within
the published corpus, not a declaration about all operational practice. Unpublished local
validation or laboratory experience may exist, but it cannot be counted as documented
routine implementation in a systematic map of indexed and retrievable literature [20–25].

The comparison with STR practice clarifies why this distinction matters. Established
forensic DNA validation separates developmental evidence from laboratory-specific valida-
tion and requires procedures, limitations, interpretation rules and quality parameters to be
supported by validation data [20–23]. The comparison in this review is conceptual rather
than a parallel categorisation of STR methods. Epigenetic applications add an inferential
requirement: validation must address not only whether the molecular signal can be mea-
sured reproducibly, but whether the resulting biological estimate or classification remains
valid, transferable and reportable for the intended forensic use [9,10,26,32,33]. Analytical
robustness is therefore necessary but not sufficient; biological and interpretative validity
must also be demonstrated under the tissues, populations, sample states and reporting
conditions for which the conclusion is intended.

Confidence in the molecular synthesis is greatest for DNA-methylation-centred appli-
cations. Mixed-molecular and transcriptomic/non-coding RNA studies were kept separate
because a shared forensic endpoint does not make molecular evidence interchangeable,
and validation claims must remain tied to the molecular stratum examined.

Age estimation has the largest evidence base and the highest number of studies
documenting advanced evaluation designs, including independent validations and inter-
laboratory exercises [9,10,32–35]. Recent model development also illustrates that techni-
cally promising internal performance may still precede external or inter-laboratory vali-
dation [101]. Its principal role remains investigative: it may narrow a pool of unknown
persons or provide contextual intelligence when no matching profile is available, but it
is not an identification method and remains complementary to STR confirmation [1,30].
At a high level, this lead-generating role is analogous to investigative genetic genealogy
in that both can support investigative prioritisation without replacing evidential profile
comparison [102]. The main unmet requirements are no longer marker discovery alone.
They include robust transfer across tissues, age ranges and populations; low-template,
degraded and mixed samples; platform and laboratory effects; explicit failure criteria;
model-version control; calibration; and prediction uncertainty that can be communicated
in a forensic report.

Body-fluid and tissue identification addresses a more trace-centred question and
may bear more directly on evidential interpretation. Targeted methylation assays for
semen, saliva, blood, vaginal or menstrual material, skin and other tissues can complement
conventional forensic biology [12,52–54,64–66]. The remaining gap is the transition from
strong assay performance to reproducible interpretation across mixtures, degraded or
low-template stains, environmental challenges and downstream STR workflows, with
predefined thresholds and error characteristics. Analytical classification of a fluid or tissue
must also remain separate from any later inference about the activity through which the
material was deposited [24]; a body-fluid result does not by itself establish mechanism,
timing or activity context.
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Less developed applications expose related but distinct gaps. Postmortem and difficult-
matrix studies rely on different biological assumptions for age at death, time since death and
time since deposition, with decomposition, temperature, tissue, agonal state, environment
and sampling affecting the signal [72–77]. Monozygotic-twin differentiation still requires
stronger evidence beyond comparison of known within-pair reference materials, partic-
ularly for unknown traces, cross-tissue performance, temporal stability, cohort size and
reproducibility under realistic sample conditions [13,14,78–86]. Other donor-characteristic
inference—including exposure/lifestyle-related traits and body-size phenotypes such as
height—remains particularly vulnerable to confounding, population and tissue transfer-
ability, privacy concerns and individual-level uncertainty [15,16,87–93]. Wang et al. [93]
focused specifically on height, whereas multi-trait work also assessed height alongside
other characteristics [90]. These domains remain further from reportable individual-level
inference than age estimation or body-fluid/tissue identification.

Analytical platforms should be judged through the forensic endpoint they are intended
to support. Massively parallel sequencing, arrays, nanopore or other direct methylation
methods, restriction-digestion assays, chemical or enzymatic conversion, and droplet
digital PCR can differ in sensitivity, throughput, accessibility and multiplexing [19,94–99],
but none is a forensic endpoint in itself. The technology synthesis therefore separates
the primary methylation-discrimination principle from methodological and readout tags.
This distinction prevents technical novelty or platform capability from being mistaken for
endpoint-specific forensic validation.

Computational models are directly relevant to the review objective of distinguishing
technical performance from transferable forensic validity. Machine-learning methods can
improve prediction or classification [41,43,90,95,103,104], but strong internal performance
may reflect the structure of the development dataset rather than performance under new
populations, laboratories, platforms or sample conditions. Validation of these models
therefore requires external testing, assessment of dataset shift, calibration, version control,
explicit failure criteria and uncertainty that can be communicated in a report; interpretability
may also be important where model behaviour affects the limits of the forensic conclusion.

Tables 3 and 4 illustrate the central distinction between analytical performance and
forensic validity. A study may show a sensitive assay or accurate model while still leaving
unresolved questions about transferability, mixtures, degradation, uncertainty, reproducibil-
ity, laboratory procedures and reporting. The category framework may support training
and quality-assurance discussions by making these evidence types explicit, but it is not
itself a quality score or implementation standard. Progress beyond pre-implementation
evidence requires representative sample testing, defined limits of detection and interpreta-
tion, reproducible protocols, laboratory-specific validation, inter-laboratory evidence and
controlled reporting [9,10,20–26,32,33].

In U.S. federal practice, Daubert and Federal Rule of Evidence 702 provide a useful
legal analogue because they focus on methodological reliability, error, standards and reliable
application to the case [105,106]. Validation can therefore inform legal scrutiny of reliability,
but it is not equivalent to admissibility, which remains a case- and jurisdiction-specific legal
determination.

https://doi.org/10.3390/epigenomes10040070

https://doi.org/10.3390/epigenomes10040070 


Epigenomes 2026, 10, 70 16 of 50

Table 4. Application-level summary of validation evidence.

Application Area/Evidence Role n
Category
Distribution
(C1/C2/C3/C4/C5)

Main Forensic
Purpose

Most Advanced
Evaluation Reported

Main Limitations
Before Forensic Use

Age estimation 177 7/75/88/7/0

Estimate
chronological age or
age at death from a
defined tissue.

Repeated targeted
modelling;
independent,
collaborative, and
inter-laboratory
evaluations for
selected models.

Tissue/population
transferability;
low-template,
degraded, and mixed
traces; local
calibration;
prediction
uncertainty.

Body-fluid/tissue identification 92 1/33/55/3/0
Classify biological
material or tissue of
origin.

Targeted
CpG/tissue-specific
differentially
methylated region
(tDMR) assays with
developmental,
collaborative,
independent, and
inter-laboratory
studies for selected
assays.

Thresholds;
sensitivity and
specificity; donor and
tissue mixtures;
environmental
challenges; STR
compatibility;
proficiency-testing
evidence.

Monozygotic-twin differentiation 21 9/8/4/0/0

Differentiate
genetically
indistinguishable
twins through
epigenetic or
non-coding RNA
divergence.

Genome-wide and
targeted studies with
selected
additional-sample
and forensic-scenario
testing.

Cohort size;
tissue/age effects;
longitudinal stability;
low-template traces;
reproducibility.

Sequencing/platform/method
development 20 2/17/1/0/0

Develop analytical
methods that support
one or more forensic
applications.

Multiplex
bisulfite-MPS, direct
detection, conversion
alternatives,
low-input and
combined workflows.

Endpoint-specific
validation;
reproducibility;
workflow
compatibility;
interpretation and
reporting.

Other donor-characteristic inference 12 0/6/6/0/0

Infer selected donor
characteristics
beyond age,
including
exposure/lifestyle-
related traits and
body-size
phenotypes such as
height.

Repeated
associations and
selected targeted or
multi-trait models
with limited
transferability testing;
one height-focused
methylation model.

Confounding;
individual-level
uncertainty;
population/tissue
transferability;
phenotype-specific
validation; privacy;
proportionality.

Contextual records 16 —

Provide ethical, legal,
governance and
field-level context,
and retain relevant
biological or
technical studies that
did not evaluate a
qualifying forensic
endpoint.

Structured contextual
analyses and original
biological or
technical findings
relevant to forensic
epigenetics, but not
designed as
validation studies for
a specific forensic
use.

Reported separately;
no Category 1–5
classification was
assigned, and these
records were not
used to raise any
application’s
validation category.

Note: C = validation evidence category. Categories 1–5 apply only to empirical primary studies. The
five empirical application rows are mutually exclusive and sum to 322; the 16 contextual records are reported
separately and were not assigned a Category 1–5 classification.

Ethical and legal concerns differ across applications. Age estimation and body-
fluid/tissue identification are relatively circumscribed, but both can be overinterpreted if
uncertainty and limits are not explicit. Sensitive epigenetic inferences concerning exposure
or lifestyle may reveal personal information and invite conclusions beyond the underlying
data [4,5,27–29,88–92]. Trauma- or stress-related associations raise similar governance con-
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cerns, but they were not represented as a dominant qualifying empirical forensic endpoint
in this evidence map. For such applications, necessity, proportionality, data protection,
population bias, reporting boundaries and the risk of transferring group-level associations
to individual-level conclusions are part of defining what can responsibly be reported.

Across the field, the principal missing evidence is validation depth rather than addi-
tional marker discovery alone. For age estimation, priorities include harmonised reporting
of tissue, age range, population composition, calibration, prediction intervals, platform ef-
fects, failure criteria, degraded and mixed samples, and inter-laboratory reproducibility. For
body-fluid/tissue identification, priorities include standardised thresholds, sensitivity and
specificity, limits of detection, donor and tissue mixtures, environmental challenges, low-
template samples, STR compatibility and proficiency-testing exercises [52,54,66]. Across
the selected Category 4 evaluations, documented limitations recur in different ways rather
than forming a ranked score: age-prediction studies leave tissue/population transfer, local
model calibration, prediction-interval coverage, casework low input or observed laboratory
bias unresolved in at least some tested workflows; body-fluid/tissue studies often remain
concentrated on shared prepared/mock specimens, with local thresholds, open-set/tissue-
confusion behaviour, mixture interpretation and casework reporting limits incompletely
addressed. These are qualitative source-specific patterns, not prevalence estimates for
distinct assays or all 322 studies (Table 4, Tables S10 and S11). More generally, reporting
should identify the sample and tissue, assay, model and version, validation population,
calibration and uncertainty. Independent validation, inter-laboratory networks, external
quality assessment, laboratory-specific procedures and transparent expert interpretation
are the steps most clearly missing between the current evidence base and documented
routine implementation.

Figure 4 brings together the primary application counts, validation-category distribu-
tion, and principal gaps and priorities for future research.

Figure 4. Empirical distributions (n = 322) by application and Categories 1–5 (upper) panels. The (lower)
panel is a qualitative synthesis of implementation priorities, not a frequency ranking of deficiencies assessed
across all studies. C5 = 0 means no indexed, retrievable report met the review’s routine-implementation criteria;
operational use elsewhere is not excluded.
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4. Materials and Methods
4.1. Review Design and Reporting

This study was designed as a systematic scoping review. Its purpose was to map a het-
erogeneous evidence base rather than pool diagnostic accuracy or evaluate an intervention.
A scoping design was appropriate because forensic epigenetics spans different applica-
tions, biological materials, analytical platforms, statistical models, validation designs, and
translational endpoints. Reporting followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) [31]. No review
protocol was registered or prepared as a separate written document. An initial structured
charting framework and provisional validation-evidence categories were progressively
refined during full-text assessment and charting. Their final definitions were consolidated
before synthesis and consistently applied across the empirical corpus, as detailed below
and in the Supplementary Materials.

The author-defined validation evidence categories were used only to organise the
reported evidence. They were not intended to certify legal admissibility, accreditation,
proficiency-testing status, or routine implementation, and they do not replace jurisdiction-
specific review or laboratory-specific validation.

4.2. Search Strategy, Eligibility Criteria and Study Selection

Searches were conducted in Scopus, PubMed/MEDLINE, and Web of Science Core
Collection, with a final search date of 15 June 2026. The searches were limited to English-
language records published from 1 January 2010 to the final search date. The 2010 date
was applied consistently as the lower temporal eligibility limit. No separate biological,
historical, or milestone-based rationale for selecting exactly 2010 was documented; it is
therefore reported as a methodological temporal restriction, and relevant earlier literature
may have been missed. Search strategies differed in scope and syntax across databases.
Scopus used one broad cross-application search plus five modular searches that expanded
application-specific vocabulary for age estimation, body-fluid/tissue identification, post-
mortem interval/time since deposition, monozygotic twins, and sequencing/platforms.
PubMed/MEDLINE and Web of Science used single combined cross-application queries
and did not reproduce those five modules separately. The databases were therefore comple-
mentary rather than exact replications, and topic-specific retrieval sensitivity could differ
across them. Across the database-specific strategies, combinations of forensic terms were
used with epigenetic, DNA methylation, methylome, age-estimation, body-fluid/tissue,
postmortem, time-since-deposition, monozygotic-twin, exposure, trauma, stress, validation,
casework, and platform-related terms, as appropriate to each database syntax and search
component. The strategy was centred on DNA methylation and did not use a separate
non-coding RNA search block. Complete database-specific strategies, interface-limit notes,
and raw retrieval counts are provided in Supplementary Table S1.

Eligible empirical primary evidence comprised original research, validation studies,
method-development studies, and casework-relevant technical studies involving epigenetic
markers, analytical platforms, or interpretation. For this review, a qualifying empirical
primary study was an original investigation that directly evaluated a defined forensic
endpoint or a method or model intended to support such an endpoint under the eligibility
criteria. DNA methylation-centred studies were the principal focus. Mixed-molecular and
transcriptomic/non-coding RNA studies were retained only when they directly addressed
a forensic application and were analysed separately from DNA-methylation evidence.
Accordingly, the non-coding RNA stratum represents relevant records captured by the
methylation-centred search and is not necessarily exhaustive. Contextual records comprised
original ethical, legal, governance, or field-development records with direct implementation
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relevance, together with directly relevant original biological or technical studies captured
by the search that did not evaluate a defined qualifying forensic endpoint or inference.
Background/secondary papers, comparators, non-human studies, and excluded records
did not contribute to empirical application or Category 1–5 totals.

Duplicate records were removed before title/abstract screening. In total, 1557 duplicate
or overlapping records were removed from the 2212 retrieved records, leaving 655 records for
screening. Bibliographic deduplication and evidence-unit linkage were handled as separate
steps. At the full-text stage, suspected linked reports were compared for title and authorship,
publication type, assay/model identity, sample or dataset provenance, and whether each
report contributed new empirical validation information. Correction notices, conference
abstracts, preprints, and later journal reports were adjudicated case by case rather than auto-
matically merged or counted separately. When multiple representations described the same
underlying empirical work, one controlling evidence unit was retained and the relationship
documented; the linked Gopalan abstract/preprint is one example. Reuse of public or previ-
ously published datasets within a distinct new analysis did not by itself make the later report
a duplicate if it contributed separate validation information, whereas reports without new
empirical evidence were not treated as independent evidence units. Related publications on
the same assay or model remained separate study-level records when they contained distinct
empirical evidence. This linkage was performed for identified overlaps during source-identity
and duplicate-evidence-unit checks and was not a corpus-wide reconstruction of method
families. Study selection then followed staged title/abstract screening and full-text eligibility
assessment. Fifteen reports sought for full-text assessment could not be retrieved because the
full texts were not available through the institutional subscriptions and access routes of the
authors’ universities; they were therefore not assessed for full-text eligibility. Title/abstract
screening and full-text eligibility assessment were undertaken separately by two reviewers,
with occasional consultation over uncertain cases. Disagreements concerning eligibility were
discussed with additional co-authors, aiming for a shared evidence-based decision. Full-text
records were assigned evidence roles after checks of source identity, duplicate evidence units,
and eligibility. Reference lists of relevant publications were examined for potentially eligi-
ble studies. Reviews retained for citation tracking also supported contextual reading and
source verification. No qualifying empirical study entered the evidence map solely through a
separate citation-tracking route: all 429 records in the study-level register were traceable to
one or more of the three database searches, so citation tracking did not create an additional
PRISMA identification stream. The sortable Supplementary Workbook provides the database
retrieval source(s) for the 429 study-level register records. The complete numerical flow
is reported in Results and Figure 1. Supplementary Table S2 reports the reference-linked
429-record study-level register, including primary application, molecular stratum, evidence
role, and secondary application/cross-cutting tags, and Supplementary Table S8 lists the
62 secondary/non-primary reports retained outside the evidence map that are not represented
in Table S2.

4.3. Data Charting and Application Classification

The same two reviewers manually charted data from full texts, tables, figures, and
available Supplementary Materials through separate assessments, with occasional consulta-
tion on uncertain evidence and discussion with additional co-authors when disagreements
arose. An initial structured extraction framework was refined during full-text assessment
and charting; following consolidation of the final fields, all mapped empirical studies were
revisited to ensure consistent extraction. The Supplementary study-level tables report
reference-linked study identities, evidence role, primary application, molecular stratum,
validation category and rationale, and technology coding. Additional source notes on
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biological material, molecular targets, reported performance, validation design, forensic
sample conditions, limitations, and implementation requirements supported consistency
checks and were not treated as a separate quantitative dataset. Missing information was
coded as not reported. For validation classification, a feature that was not reported was not
treated as proof that the underlying work had not been performed; rather, the study was
not credited with evidence that could not be documented from the retrievable report. Exact
source identity, preprints, correction notices, duplicate evidence units, and reused datasets
were checked separately to prevent double-counting.

Actual casework material was defined as samples originating from real forensic inves-
tigations or casework reports. Mock or simulated samples, blinded validation materials,
collaborative exercises, and proficiency-style exercises were distinguished from actual case-
work and were not treated as evidence of routine implementation. Because actual casework
use was not coded as a dedicated, exhaustive charting variable and the application/cross-
cutting tags were descriptive and not necessarily exhaustive, a corpus-wide prevalence
estimate of actual casework use was not calculated retrospectively.

Each empirical primary study was assigned one dominant primary application to
prevent double-counting in application totals. Application and cross-cutting tags were
descriptive, non-additive, and not necessarily exhaustive. Molecular strata were coded
separately as DNA methylation, mixed molecular, or transcriptomic/non-coding RNA. For
the technology synthesis, each empirical record was coded along three distinct dimensions:
a mutually exclusive primary methylation-discrimination principle, non-additive method-
ological tags, and non-additive downstream readout/platform tags. Study-performed
principles and readouts were distinguished from discovery platforms, reused public or pre-
vious data, comparators or confirmation, quantification and quality-control tools, methods
merely cited, and non-epigenetic components. Quantification-only quantitative PCR (qPCR)
and reused arrays or sequencing datasets were not counted as generated molecular read-
outs. Methylation-sensitive or methylation-dependent restriction enzymes (MSRE/MDRE)
were classified as restriction-digestion approaches, not enzymatic conversion.

4.4. Classification of Validation Evidence

Each qualifying empirical primary study was assigned to one of five author-defined
validation evidence categories. The category framework began with provisional definitions
that were refined during full-text assessment and charting. After the definitive rules were
established, all 322 empirical studies were reassessed to ensure consistent application, in-
cluding records classified earlier in the review. The two reviewers made separate category
assessments: one completed the assignments independently, while the second occasionally
consulted on uncertain cases. The resulting assignments were compared; disagreements
were discussed with additional co-authors with the aim of reaching a shared, evidence-
based decision. The classification was categorical rather than numerical and was applied
conservatively. A report received the highest category supported by its documented ev-
idence, considering analytical and interpretative limitations together; an isolated strong
performance statistic was insufficient. Different types of evidence could independently
support the same category; they were not added together as points. At C4, an advanced
external transfer or collaborative design can yield an adverse result and still be described as
advanced evaluation; this does not remove the separately documented limitations of that
result. The assessment considered analytical performance, independent or external valida-
tion, testing of relevant samples and conditions, interpretative limits and uncertainty, and
practical laboratory implementation. In brief, Category 1 denoted exploratory discovery,
Category 2 initial technical evidence, Category 3 pre-implementation validation, Category
4 advanced validation evidence under defined conditions, and Category 5 documented
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routine forensic implementation (Table 2). High analytical performance alone was not
sufficient for Category 4 or Category 5. When evidence necessary for a higher category
was not documented or remained ambiguous in the report, the study was assigned to the
highest category supported by the documented evidence. This conservative rule reflects
reporting uncertainty as well as validation scope and should not be read as proof that
unreported work had not been performed.

Supplementary Table S9 provides operational criteria, alternative qualifying evidence
patterns, and worked examples at the Category 2–3 and Category 3–4 boundaries. The
examples illustrate how missing or ambiguous information is handled without reducing
the categories to a numerical score. Chen et al. (2026; long non-coding RNA age-estimation
study), for example, was assigned to Category 3 on the basis of evaluation in independently
sourced external cohorts, although ComBat batch correction incorporated known chrono-
logical age as a biological covariate. The authors described the resulting external accuracy
as an idealised scenario because age would be unknown in forensic use; this was not an
independently deployable prediction pipeline. By contrast, Lee (2025) [101] remained
Category 2 because test-set performance contributed to the choice of preferred models,
without a subsequent untouched validation of those selected models (Supplementary Table
S9B). Chen’s Category 3 designation reflects an external-cohort evaluation design, not
stronger or prospectively credible prediction for an unknown-age forensic sample. Pous-
sard et al. (2023) [100] was assigned to Category 4 because a receiving laboratory evaluated
cross-platform transportability of published models, documenting analytical adaptation
separately from performance in a new donor cohort, as well as sensitivity, repeatability and
prediction limits. These examples illustrate the documented validation evidence and its
limits, rather than establishing routine casework implementation.

For this review, analytical evidence referred to the performance and reproducibil-
ity of the assay, marker panel, or model. Interpretative evidence concerned the validity,
uncertainty, transferability, and limits of the forensic conclusion. Implementation ev-
idence concerned performance under representative forensic conditions together with
laboratory procedures, quality assurance, and reporting requirements. Category assign-
ment considered these domains jointly rather than treating any single performance metric
as sufficient.

The unit of classification was the individual empirical study/report, not the assay,
model, workflow, laboratory, or method family. Distinct publications concerning the same
or related assay/model could contribute separate study-level evidence when they con-
tained distinct empirical validation information, whereas linked representations of the same
underlying empirical work were consolidated into one evidence unit. Reuse of a dataset
was documented but did not by itself determine whether two reports were duplicates. For
the ten Category 4 reports, a supplementary descriptive relation register (S11) identifies
documented shared assay families, originating models, receiving laboratories, technical
repetitions and biological sample units, while expressly marking unestablished links. It
does not reconstruct every method-development chain, and no independence-adjusted
sensitivity percentage was calculated. The review did not construct a method-level denom-
inator; category percentages therefore describe the distribution of published studies in the
evidence map, not the proportion of distinct methods that are validated.

The 16 contextual records comprised ethics, governance, legal interpretation, field
development, and original biological or technical evidence that did not test a qualifying
forensic endpoint. They were reported separately and were not assigned a Category
1–5 classification; they were not used to raise the validation category of any biological
application. Background/secondary, comparator, non-human, and excluded records were
likewise outside Categories 1–5.
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In this review, Category 5 was reserved for published, indexed, and retrievable evi-
dence that a defined method had moved beyond validation studies into routine forensic
casework implementation, with laboratory-specific validation, standard operating pro-
cedures, quality-assurance conditions, defined interpretation and reporting rules, and
documented limits of use. Commercial availability, developmental validation, collaborative
exercises, or informal knowledge that a method may be used in some laboratories were not
sufficient for Category 5 assignment [20–23,25]. Category 5 therefore did not imply uni-
versal admissibility, universal transferability, accreditation, or proof of routine use outside
the published corpus. Clearly linked indexed and retrievable reports concerning the same
defined method and laboratory workflow could, in principle, be considered together if
they collectively documented all required implementation elements; such linked evidence
would be treated as one implementation evidence package for the Category 5 assessment.
This package-level implementation assessment did not alter the report-level unit used for
the descriptive Category 1–5 frequency counts. Potential report relationships were recog-
nised only where they became identifiable during source-identity checks, full-text charting
or reference-list examination. Candidate links were assessed through explicitly reported
assay/model identity, laboratory context and workflow; reports without a sufficiently
established shared method and laboratory workflow were not combined for a possible
Category 5 assessment. This targeted treatment of identifiable links was not a corpus-wide
reconstruction of method families or an exhaustive search for all possible implementation
packages. No linked evidence package meeting the Category 5 definition was identified.

4.5. Synthesis and Consistency Checks

The synthesis was narrative and application-based. Meta-analysis was not attempted
because endpoints, tissues, sample types, platforms, models, validation designs, and perfor-
mance metrics were too heterogeneous for meaningful pooling. Results therefore present
the PRISMA flow, composition of the evidence base, primary application distribution,
molecular strata, validation evidence categories, application-specific findings, and the
separate synthesis of methylation-discrimination principles, methodological tags, and read-
out/platform patterns. The additional descriptive linkage of Category 4 reports in Table
S11 was not used to recalculate the study/report denominators or classify distinct assays
as validated or unvalidated.

Manual consistency checks confirmed that each empirical study contributed once to
the appropriate evidence role, primary application and, where applicable, Category 1–5
totals; that contextual records were reported separately; and that background/secondary,
comparator, non-human, and excluded records did not contribute to empirical denomi-
nators. Record identifiers, evidence roles, applications, molecular strata, categories, tech-
nology counts, manuscript statements, figures, and Supplementary Tables S2–S8 were
cross-checked.

No formal risk-of-bias or source-quality appraisal was performed; the five categories
mapped the type and extent of reported validation evidence and were not intended as
study-quality ratings.

5. Strengths and Limitations
This review is based on a systematic multi-database search through 15 June 2026 and

a final evidence map comprising 322 empirical primary studies and 16 contextual records.
It separates empirical evidence from contextual, background/secondary, comparator, non-
human, and excluded records; assigns each empirical study to one dominant application
for non-duplicative totals; separates molecular strata; and applies source-identity and
duplicate-evidence-unit checks to reduce double-counting. Distinguishing analytical, inter-
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pretative, and implementation evidence alongside technology coding makes the reported
validation gaps auditable. External reproducibility of the bespoke classification framework
has not been established.

Several limitations should be considered. The review was restricted to English-
language records published from 1 January 2010 to 15 June 2026. The exact 2010 cutoff
had no separate documented milestone-based justification and should be understood as a
methodological temporal restriction rather than an empirically derived boundary in the
development of the field; relevant older literature may therefore be absent. Search cov-
erage was also not identical across databases. Scopus combined a broad search with
five modular application-specific searches using additional topic-specific vocabulary,
whereas PubMed/MEDLINE and Web of Science used single combined cross-application
queries. These strategies were complementary rather than exact replications, so topic-
specific retrieval sensitivity may have differed across databases. Together with the lan-
guage and date restrictions, this may have affected coverage across application areas. No
dedicated search of grey or non-indexed operational literature was performed, and selec-
tive publication or indexing may therefore have influenced the retrievable evidence base;
no formal publication-bias assessment was undertaken. Because the search strategy was
centred on DNA methylation and did not include a dedicated non-coding RNA search
block, the transcriptomic/non-coding RNA stratum should not be interpreted as exhaus-
tive. The heterogeneity described in Methods precluded meta-analysis. The five-category
classification was author-defined and has not itself been externally validated. Category
assignment depended on the evidence documented in each retrievable report. Absence
of reporting was treated as absence of documented evidence for classification, not proof
that the underlying work had not been performed. Because the unit of classification was
the study/report, multiple publications may concern the same or related assay or model;
technical repeats and participating laboratories must likewise not be treated as independent
biological samples; the reported category percentages therefore should not be interpreted
as proportions of distinct methods or method families. Screening, charting and category
assessment involved separate assessments by two reviewers, with occasional consultation
and co-author discussion of disagreements. The assessments were not fully indepen-
dent throughout, and pre-adjudication inter-reviewer agreement was not formally quanti-
fied. Although the charting form and category framework evolved during the review, all
322 empirical studies were reassessed under the final operational definitions.

Non-indexed or locally documented operational practice may be underrepresented, so
the finding that no study met the Category 5 definition within the indexed and retrievable
corpus does not prove that no laboratory has used any epigenetic method operationally.
The 16 contextual records were retained separately without a Category 1–5 classification
and should not be read as endpoint-specific validation evidence. Finally, no validation
evidence category constitutes a jurisdiction-specific admissibility assessment, accreditation
decision, or substitute for laboratory-specific validation.

6. Conclusions
Forensic epigenetics, particularly DNA methylation analysis, has developed a sub-

stantial empirical evidence base with clear forensic potential. The final evidence map
comprises 322 empirical primary studies and 16 contextual records. Age estimation and
body-fluid/tissue identification are the only application areas with Category 4 advanced
evaluation designs in the mapped corpus, but they serve different purposes: age estimation
is principally investigative, whereas body-fluid or tissue identification may contribute more
directly to evidential interpretation while remaining distinct from conclusions about the
activity that produced a trace.
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The empirical category distribution was Category 1 = 19, Category 2 = 139, Category
3 = 154, Category 4 = 10, and Category 5 = 0. Thus, most qualifying publications doc-
umented exploratory, initial technical, or pre-implementation validation evidence. The
10 Category 4 studies concerned selected assays or models documenting advanced evalua-
tion designs under defined conditions; these designs did not necessarily establish successful
transfer or routine use. No study met Category 5 within the indexed and retrievable corpus.
The framework may support training and quality-assurance discussions by making explicit
why publication or strong internal performance does not, by itself, establish a validated
forensic use.

The main translational gap is demonstrating that a defined forensic inference remains
valid when transferred beyond its development setting and reported under real laboratory
constraints. Priority areas are representative low-template, degraded, mixed and environ-
mentally challenged samples; calibrated uncertainty and failure criteria; laboratory-specific
and external validation; inter-laboratory reproducibility; controlled reporting; and clear
ethical and legal boundaries. Closing these gaps would provide a stronger basis for moving
selected epigenetic assays or models from promising research toward documented routine
forensic implementation.
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161. Freire-Aradas, A.; Pośpiech, E.; Aliferi, A.; Girón-Santamaría, L.; Mosquera-Miguel, A.; Pisarek, A.; Ambroa-Conde, A.; Phillips,

C.; Casares de Cal, M.A.; Gómez-Tato, A.; et al. A Comparison of Forensic Age Prediction Models Using Data from Four DNA
Methylation Technologies. Front. Genet. 2020, 11, 932. [CrossRef]

162. Gopalan, S.; Gaige, J.; Henn, B.M. DNA methylation-based forensic age estimation in human bone. bioRxiv 2019. [CrossRef]
163. Heidegger, A.; Xavier, C.; Niederstätter, H.; de la Puente, M.; Pośpiech, E.; Pisarek, A.; Kayser, M.; Branicki, W.; Parson, W.
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Kobus, M.; Lisman, D.; et al. Analysis of epigenetic clocks links yoga, sleep, education, reduced meat intake, coffee, and a SOCS2
gene variant to slower epigenetic aging. GeroScience 2024, 46, 2583–2604. [CrossRef]

224. Pinprasert, P.; Ananda, S.K.; Narakornsak, S.; Wunnapuk, K. Age-associated DNA methylation changes with hypermethylation
ELOVL2 and ZYG11A in dental samples: A pilot study. ScienceAsia 2024, 50, 2024028. [CrossRef]

225. Shiga, M.; Asari, M.; Takahashi, Y.; Isozaki, S.; Hoshina, C.; Mori, K.; Namba, R.; Okuda, K.; Shimizu, K. DNA methylation-based
age estimation and quantification of the degradation levels of bisulfite-converted DNA. Leg. Med. 2024, 67, 102336. [CrossRef]

226. Soedarsono, N.; Hanafi, M.G.S.; Hartomo, B.T.; Auerkari, E.I. ELOVL2, PRKG2, and EDARADD DNA Methylation Strongly
Estimate Indonesian Adolescents. Diagnostics 2024, 14, 1767. [CrossRef]

227. Yamagishi, T.; Sakurai, W.; Watanabe, K.; Toyomane, K.; Akutsu, T. Development and comparison of forensic interval age
prediction models by statistical and machine learning methods based on the methylation rates of ELOVL2 in blood DNA. Forensic
Sci. Int. Genet. 2024, 69, 103004. [CrossRef]

228. Anand, A.; Agarwal, Y.; Gupta, T.; Lin, J.; Ghemrawi, M.; Gerhard, G.S.; Lee, H. EnsembleAge clock: A reliable and robust
epigenetic age clock service reveals epigenetic age acceleration in opioid-overdosed brains. BMC Genom. 2025, 26, 1088. [CrossRef]

229. Boullón-Cassau, M.; Ambroa-Conde, A.; Casares de Cal, M.A.; Gómez-Tato, A.; Mosquera-Miguel, A.; Ruiz-Ramírez, J.; Cabrejas-
Olalla, A.; González-Bao, J.; Casanova-Adán, L.; de la Puente, M.; et al. Exploring legal age estimation using DNA methylation.
Forensic Sci. Int. Genet. 2025, 74, 103142. [CrossRef]

230. Collins, C.; Brown, J.; Chung, H.C. A Cost-Effective Saliva-Based Human Epigenetic Clock Using 10 CpG Sites Identified with the
Illumina EPIC 850k Array. DNA 2025, 5, 28. [CrossRef]

231. Correia Dias, H.; Manco, L. Epigenetic age in blood and bones from deceased individuals: Assessment of DNA methylation at
the FHL2 gene by droplet digital PCR. Aust. J. Forensic Sci. 2025, 58, 403–412. [CrossRef]

232. Gao, N.; Li, J.; Yang, F.; Yu, D.; Huo, Y.; Liu, X.; Ji, Z.; Xing, Y.; Zhang, X.; Yuan, P.; et al. Forensic Age Estimation from Blood
Samples by Combining DNA Methylation and MicroRNA Markers Using Droplet Digital PCR. Electrophoresis 2025, 46, 424–432.
[CrossRef]

233. Grignani, P.; Bertoglio, B.; Monti, M.C.; Cuoghi Costantini, R.; Ricci, U.; Onofri, M.; Fattorini, P.; Previderè, C. Age estimation of
burnt human remains through DNA methylation analysis. Int. J. Leg. Med. 2025, 139, 175–185. [CrossRef]

234. Jung, J.Y.; Song, Y.W.; Jeong, K.-S.; Park, H.-C.; So, M.H.; Lee, H.Y. A SNaPshot Assay for Epigenetic Age Prediction of Costal
Cartilage. Electrophoresis 2025, 46, 413–423. [CrossRef]

235. Li, Y.; Liu, X.; Chen, M.; Yi, S.; He, X.; Xiao, C.; Huang, D. DNA methylation-based age estimation from semen: Genome-wide
marker identification and model development. Forensic Sci. Int. Genet. 2025, 76, 103215. [CrossRef]

236. Liu, D.; Raju, A.S. Machine Learning in Forensic Age Prediction: A Comparative Analysis of Regression Models and DNA
Methylation Biomarkers. In Proceedings of the Fourth International Conference on Innovations in Computing Research (ICR’25); Daimi,
K., Alsadoon, A., Eds.; Lecture Notes in Networks and Systems; Springer: Cham, Switzerland, 2025; Volume 1487, pp. 49–61.
[CrossRef]

237. Mathew, J.A.; Paul, G.; Jacob, J.; Kumar, J.; Dubey, N.; Philip, N.S. A new robust AI/ML based model for accurate forensic age
estimation using DNA methylation markers. Forensic Sci. Med. Pathol. 2025, 21, 1145–1162. [CrossRef]

238. Refn, M.R.; Kampmann, M.-L.; Vyöni, A.; Tfelt-Hansen, J.; Sørensen, E.; Ostrowski, S.R.; Kongstad, M.; Aliferi, A.; Giangasparo,
F.; Morling, N.; et al. Independent evaluation of an 11-CpG panel for age estimation in blood. Forensic Sci. Int. Genet. 2025,
76, 103214. [CrossRef]

239. Sutter, C.; Helbling, D.; Haas, C.; Neubauer, J. The influence of cancer on a forensic age estimation tool. Aging 2025, 17, 1679–1701.
[CrossRef]

240. Verstraeten, L.; Fokias, K.; Saerens, G.; Bekaert, B. Cost-effective optimisation and validation of the VISAGE enhanced tool assay
on the Illumina NovaSeq 6000 platform. Forensic Sci. Int. Genet. 2025, 78, 103299. [CrossRef]

241. Wan, Z.; Henneman, P.; Hoefsloot, H.C.J.; Kloosterman, A.D.; Verschure, P.J. Improved epigenetic age prediction models by
combining sex chromosome and autosomal markers. Epigenet. Chromatin 2025, 18, 45. [CrossRef]

https://doi.org/10.3390/epigenomes10040070

https://doi.org/10.1002/elps.202400054
https://doi.org/10.1111/1556-4029.15478
https://doi.org/10.1016/j.fsigen.2024.103050
https://doi.org/10.3390/ijms25020935
https://doi.org/10.1007/s11357-023-01029-4
https://doi.org/10.2306/scienceasia1513-1874.2024.028
https://doi.org/10.1016/j.legalmed.2023.102336
https://doi.org/10.3390/diagnostics14161767
https://doi.org/10.1016/j.fsigen.2023.103004
https://doi.org/10.1186/s12864-025-12271-9
https://doi.org/10.1016/j.fsigen.2024.103142
https://doi.org/10.3390/dna5020028
https://doi.org/10.1080/00450618.2025.2561622
https://doi.org/10.1002/elps.8133
https://doi.org/10.1007/s00414-024-03320-1
https://doi.org/10.1002/elps.8132
https://doi.org/10.1016/j.fsigen.2024.103215
https://doi.org/10.1007/978-3-031-95652-2_5
https://doi.org/10.1007/s12024-025-00985-x
https://doi.org/10.1016/j.fsigen.2024.103214
https://doi.org/10.18632/aging.206281
https://doi.org/10.1016/j.fsigen.2025.103299
https://doi.org/10.1186/s13072-025-00606-5
https://doi.org/10.3390/epigenomes10040070 


Epigenomes 2026, 10, 70 36 of 50

242. Yang, S.-B.; Lee, J.M.; Kim, M.-Y.; Lee, S.D.; Lee, H.Y. Epigenetic aging signatures and age prediction in human skeletal muscle.
Aging 2025, 17, 2809–2843. [CrossRef]

243. Zhu, B.; Li, D.; Han, G.; Yao, X.; Gu, H.; Liu, T.; Liu, L.; Dai, J.; Liu, I.Z.; Liang, Y.; et al. Multiplexing and massive parallel
sequencing of targeted DNA methylation to predict chronological age. Front. Aging 2025, 6, 1467639. [CrossRef]

244. Andrejevic, M.; Tanasic, V.; Srejic, M.M.; Keckarevic, D.; Markovic, M.K. Chronological age estimation from DNA methylation
data in a Serbian population: A SNaPshot-based forensic model. Int. J. Leg. Med. 2026, 140, 2631–2644. [CrossRef]

245. Can, K.; Filoglu, G.; Ersoy, G.; Ozmen, D.; Eskazan, A.E.; Ar, M.C.; Bulbul, O. Evaluation of DNA methylation-based age
prediction accuracy in leukemia patients using a six-CpG model trained on healthy blood. Forensic Sci. Med. Pathol. 2026,
22, 910–920. [CrossRef]

246. Chen, M.; Liu, Y.; Du, A.; Wang, L.; Lin, Y.; Yi, S.; Xiao, C.; Huang, D. DNA methylation-based multi-tissue age prediction model
for blood, saliva, and buccal swab samples. Int. J. Leg. Med. 2026, 140, 2671–2679. [CrossRef]

247. Fakhr, R.; Koh, U.N.; Lee, S.E.; Lim, S.-K. A hexaplex droplet digital PCR assay for DNA methylation-based age prediction from
blood samples targeting ELOVL2, FHL2, and TRIM59. Forensic Sci. Int. Genet. 2026, 81, 103396. [CrossRef]

248. Lee, J.E.; Lee, H.Y. Y-CpG-based semen age prediction: Analysis of vasectomized samples and development of an optimized
multiplex assay evaluated in independent and mixed samples. Int. J. Leg. Med. 2026, 140, 2055–2064. [CrossRef]

249. Liu, Y.; Chen, M.; Li, Y.; Wang, L.; Du, A.; Lin, Y.; Yi, S.; Xiao, C.; Huang, D. A robust cross-tissue DNA methylation model for
forensic age estimation from oral samples. Forensic Sci. Int. Genet. 2026, 80, 103331. [CrossRef]

250. Manco, L.; Correia Dias, H.; Palmeira, L. Examining Epigenetic Age in Women with Different Obesity Conditions Using DNA
Methylation at the FHL2 Gene. Methods Protoc. 2026, 9, 47. [CrossRef]

251. Oka, H.; Akazaki, T.; Miyauchi, M.; Kitagawa, M. FHL2 DNA methylation in tooth root surfaces as a tool for age estimation. J.
Forensic Sci. 2026, 71, 593–598. [CrossRef]

252. Pisarek-Pacek, A.; Rudnicka, J.; Noroozi, R.; Wysocka, B.; Masny, A.; Spólnicka, M.; Ossowski, A.; Sitek, A.; Macur, A.; Janeczko,
J.; et al. ForSpEC: A compact forensic epigenetic age clock for sperm cells with cross-platform validation. Forensic Sci. Int. Genet.
2026, 82, 103426. [CrossRef]

253. Poggiali, B.; Børsting, C.; Kampmann, M.-L.; Wiuf, M.; Kelager, A.; Jepsen, A.H.; Vidaki, A.; Tfelt-Hansen, J.; Andersen, J.D. Age
prediction of contributors to two-person DNA mixtures via deconvolution of autosomal DNA methylation profiles. Forensic Sci.
Int. Genet. 2026, 83, 103438. [CrossRef]

254. So, M.H.; Yang, S.-B.; Lee, J.E.; Lee, J.M.; Lee, H.Y. Independent validation of the VISAGE enhanced tool for age prediction in
Koreans and analysis of platform transition. Forensic Sci. Int. Genet. 2026, 81, 103346. [CrossRef]

255. Sutter, C.; Tao, R.; Wang, S.; Boaitey, Y.A.; Owusu-Ofori, A.; Haas, C.; Neubauer, J. Methylation-based forensic age estimation on
different biogeographic backgrounds: A study on Central Europeans, East Asians and West Africans. Forensic Sci. Int. Genet. 2026,
82, 103397. [CrossRef]

256. Tsutsumi, T.; Ogata, A.; Nishizawa, E.; Furukawa, A.; Yonehara, Y.; Aboshi, H.; Kondo, M. Tobacco Smoking Influences ELOVL2
Methylation in Buccal Cells Without Affecting Age Estimation Accuracy. J. Hard Tissue Biol. 2026, 35, 81–86. [CrossRef]

257. Zhang, J.; Zhao, C.; Jiang, L.; Fan, P.; Li, C.; Liu, R.; Zhao, W. A Five-Color Multiplex Droplet Digital PCR Assay with Support
Vector Regression for Forensic Age Prediction. Electrophoresis 2026, 47, 489–501. [CrossRef]

258. Zhao, X.; Yu, D.; Xu, J.; Mai, Y.; Zhang, K.; Su, L.; Yang, F.; Yan, J. Establishment of a Highly Accurate and Sensitive Age Prediction
Model for Multiple Body Fluids: Blood, Saliva, and Semen Using Pyrosequencing. Electrophoresis 2026, 47, 543–555. [CrossRef]

259. Ma, L.L.; Yi, S.H.; Huang, D.X.; Mei, K.; Yang, R.Z. Screening and identification of tissue-specific methylation for body fluid
identification. Forensic Sci. Int. Genet. Suppl. Ser. 2013, 4, e37–e38. [CrossRef]

260. Balamurugan, K.; Bombardi, R.; Duncan, G.; McCord, B. Identification of spermatozoa by tissue-specific differential DNA
methylation using bisulfite modification and pyrosequencing. Electrophoresis 2014, 35, 3079–3086. [CrossRef]

261. Bartling, C.M.; Hester, M.E.; Bartz, J.; Heizer, E.; Faith, S.A. Next-generation sequencing approach to epigenetic-based tissue
source attribution. Electrophoresis 2014, 35, 3096–3101. [CrossRef]

262. Park, J.-L.; Kwon, O.-H.; Kim, J.H.; Yoo, H.-S.; Lee, H.-C.; Woo, K.-M.; Kim, S.-Y.; Lee, S.-H.; Kim, Y.S. Identification of body
fluid-specific DNA methylation markers for use in forensic science. Forensic Sci. Int. Genet. 2014, 13, 147–153. [CrossRef]

263. Antunes, J.; Balamurugan, K.; Duncan, G.; McCord, B. Tissue-Specific DNA Methylation Patterns in Forensic Samples Detected
by Pyrosequencing®. In Methods in Molecular Biology; Humana Press: New York, NY, USA, 2015; Volume 1315, pp. 397–409.
[CrossRef]

264. Bai, L.J.; Yan, P.; Cao, X.M.; Jia, L.N.; Zhang, C.; Guo, D.W. Methylation-sensitive restriction enzyme nested real time PCR, a
potential approach for sperm DNA identification. J. Forensic Leg. Med. 2015, 34, 34–39. [CrossRef]

265. Fu, X.D.; Wu, J.; Wang, J.; Huang, Y.; Hou, Y.P.; Yan, J. Identification of body fluid using tissue-specific DNA methylation markers.
Forensic Sci. Int. Genet. Suppl. Ser. 2015, 5, e151–e153. [CrossRef]

266. Taki, T.; Kibayashi, K. Characterization of cellular and extracellular DNA in saliva. Leg. Med. 2015, 17, 471–474. [CrossRef]

https://doi.org/10.3390/epigenomes10040070

https://doi.org/10.18632/aging.206341
https://doi.org/10.3389/fragi.2025.1467639
https://doi.org/10.1007/s00414-026-03818-w
https://doi.org/10.1007/s12024-026-01238-1
https://doi.org/10.1007/s00414-026-03832-y
https://doi.org/10.1016/j.fsigen.2025.103396
https://doi.org/10.1007/s00414-026-03797-y
https://doi.org/10.1016/j.fsigen.2025.103331
https://doi.org/10.3390/mps9020047
https://doi.org/10.1111/1556-4029.70210
https://doi.org/10.1016/j.fsigen.2026.103426
https://doi.org/10.1016/j.fsigen.2026.103438
https://doi.org/10.1016/j.fsigen.2025.103346
https://doi.org/10.1016/j.fsigen.2025.103397
https://doi.org/10.2485/jhtb.35.81
https://doi.org/10.1002/elps.70102
https://doi.org/10.1002/elps.70100
https://doi.org/10.1016/j.fsigss.2013.10.018
https://doi.org/10.1002/elps.201400175
https://doi.org/10.1002/elps.201400087
https://doi.org/10.1016/j.fsigen.2014.07.011
https://doi.org/10.1007/978-1-4939-2715-9_27
https://doi.org/10.1016/j.jflm.2015.05.001
https://doi.org/10.1016/j.fsigss.2015.09.061
https://doi.org/10.1016/j.legalmed.2015.10.003
https://doi.org/10.3390/epigenomes10040070 


Epigenomes 2026, 10, 70 37 of 50

267. Wang, Z.; Zhou, D.; Zhang, S.; Bian, Y.; Hu, Z.; Zhu, R.; Lu, D.; Li, C. Logical Framework of Forensic Identification: Ability to
Resist Fabricated DNA. Mol. Biotechnol. 2015, 57, 1030–1037. [CrossRef]

268. Antunes, J.; Silva, D.S.B.S.; Balamurugan, K.; Duncan, G.; Alho, C.S.; McCord, B. High-resolution melt analysis of DNA
methylation to discriminate semen in biological stains. Anal. Biochem. 2016, 494, 40–45. [CrossRef]

269. Lin, Y.-C.; Tsai, L.-C.; Lee, J.C.-I.; Su, C.-W.; Tzen, J.T.-C.; Linacre, A.; Hsieh, H.-M. Novel identification of biofluids using a
multiplex methylation sensitive restriction enzyme-PCR system. Forensic Sci. Int. Genet. 2016, 25, 157–165. [CrossRef]

270. Lin, Y.-C.; Tsai, L.-C.; Lee, J.C.-I.; Liu, K.-L.; Tzen, J.T.-C.; Linacre, A.; Hsieh, H.-M. Novel identification of biofluids using a
multiplex methylation-specific PCR combined with single-base extension system. Forensic Sci. Med. Pathol. 2016, 12, 128–138.
[CrossRef]

271. Watanabe, K.; Akutsu, T.; Sakurada, K. Development of a Real-Time PCR-Based Method for Analyzing Semen-Specific Unmethy-
lated DNA Regions and Methylation Status in Aged Body Fluid Stains. J. Forensic Sci. 2016, 61, S208–S212. [CrossRef]

272. Watanabe, K.; Akutsu, T.; Takamura, A.; Sakurada, K. Evaluation of a blood-specific DNA methylated region and trial for
allele-specific blood identification from mixed body fluid DNA. Leg. Med. 2016, 22, 49–53. [CrossRef]

273. Fachet, C.; Quarino, L.; Karnas, K.J. High resolution melt curve analysis based on methylation status for human semen
identification. Forensic Sci. Med. Pathol. 2017, 13, 86–91. [CrossRef]

274. Naue, J.; Hoefsloot, H.C.J.; Kloosterman, A.D.; Verschure, P.J. Forensic DNA methylation profiling from minimal traces: How low
can we go? Forensic Sci. Int. Genet. 2018, 33, 17–23. [CrossRef]

275. Samsuwan, J.; Muangsub, T.; Yanatatsaneejit, P.; Mutirangura, A.; Kitkumthorn, N. Combined Bisulfite Restriction Analysis for
brain tissue identification. Forensic Sci. Int. 2018, 286, 42–45. [CrossRef]

276. Fang, C.; Zhao, J.; Li, J.B.; Qian, J.L.; Liu, X.; Sun, Q.F.; Liu, W.L.; Tian, Y.J.; Ji, A.Q.; Wu, H.J.; et al. Massively parallel sequencing
of microRNA in bloodstains and evaluation of environmental influences on miRNA candidates using realtime polymerase chain
reaction. Forensic Sci. Int. Genet. 2019, 38, 32–38. [CrossRef]

277. Gauthier, Q.T.; Cho, S.; Carmel, J.H.; McCord, B.R. Development of a body fluid identification multiplex via DNA methylation
analysis. Electrophoresis 2019, 40, 2565–2574. [CrossRef]

278. Tian, H.; Tan, Y.; Li, Z.; Peng, D.; Liang, W.; Zhang, L.; Chen, D.; Feng, T.; Feng, Q.; Wu, M.; et al. Multiplex DNA methylation
profiling by ARMS-PCR for body fluid identification. Forensic Sci. Int. Genet. Suppl. Ser. 2019, 7, 820–822. [CrossRef]

279. Xie, B.; Song, F.; Wang, Y.; Wang, S.; Huang, Y.; Luo, H.; Li, Y. Developing a DNA methylation-based multiplex SNP assay for the
identification of semen in mixed stains. Forensic Sci. Int. Genet. Suppl. Ser. 2019, 7, 299–300. [CrossRef]

280. Alghanim, H.; Balamurugan, K.; McCord, B. Development of DNA methylation markers for sperm, saliva and blood identification
using pyrosequencing and qPCR/HRM. Anal. Biochem. 2020, 611, 113933. [CrossRef]

281. Ghai, M.; Naidoo, N.; Evans, D.L.; Kader, F. Identification of novel semen and saliva specific methylation markers and its potential
application in forensic analysis. Forensic Sci. Int. Genet. 2020, 49, 102392. [CrossRef]

282. Kader, F.; Ghai, M.; Zhou, M. Ethnicity, age and disease-associated variation in body fluid-specific CpG sites in a diverse South
African cohort. Forensic Sci. Int. 2020, 314, 110372. [CrossRef]

283. Liu, K.-L.; Tsai, L.-C.; Lin, Y.-C.; Huang, N.-E.; Yang, L.-J.; Su, C.-W.; Lee, J.C.-I.; Linacre, A.; Hsieh, H.-M. Identification
of spermatozoa using a novel 3-plex MSRE-PCR assay for forensic examination of sexual assaults. Int. J. Leg. Med. 2020,
134, 1991–2004. [CrossRef]

284. Tian, H.; Bai, P.; Tan, Y.; Li, Z.; Peng, D.; Xiao, X.; Zhao, H.; Zhou, Y.; Liang, W.; Zhang, L. A new method to detect methylation
profiles for forensic body fluid identification combining ARMS-PCR technique and random forest model. Forensic Sci. Int. Genet.
2020, 49, 102371. [CrossRef]

285. Watanabe, K.; Akutsu, T. Evaluation of a co-extraction kit for mRNA, miRNA and DNA methylation-based body fluid identifica-
tion. Leg. Med. 2020, 42, 101630. [CrossRef]

286. Xie, B.; Song, F.; Wang, S.; Zhang, K.; Li, Y.; Luo, H. Exploring a multiplex DNA methylation-based SNP typing method for body
fluids identification: As a preliminary report. Forensic Sci. Int. 2020, 313, 110329. [CrossRef]

287. Antunes, J.; Gauthier, Q.; Aguiar-Pulido, V.; Duncan, G.; McCord, B. A data-driven, high-throughput methodology to determine
tissue-specific differentially methylated regions able to discriminate body fluids. Electrophoresis 2021, 42, 1168–1176. [CrossRef]

288. Doi, M.; Nishimukai, H.; Asano, M. Application of fragment analysis based on methylation status mobility difference to identify
vaginal secretions. Sci. Justice 2021, 61, 384–390. [CrossRef]

289. Fujimoto, S.; Hamano, Y.; Ichioka, K.; Manabe, S.; Hirai, E.; Ogawa, O.; Tamaki, K. Rapid semen identification from mixed body
fluids using methylation-sensitive high-resolution melting analysis of the DACT1 gene. Leg. Med. 2021, 48, 101806. [CrossRef]

290. Gomaa, R.; Nader, L.; Jamal, J. Application of DNA methylation-based markers in identification of mixed body fluid evidences
simulating crime scene scenarios. Egypt. J. Forensic Sci. 2021, 11, 12. [CrossRef]

291. Li, Z.; Li, J.; Li, Y.; Liu, N.; Liu, F.; Ren, J.; Yun, K.; Yan, J.; Zhang, G. Development of a multiplex methylation-sensitive restriction
enzyme-based SNP typing system for deconvolution of semen-containing mixtures. Int. J. Leg. Med. 2021, 135, 1281–1294.
[CrossRef]

https://doi.org/10.3390/epigenomes10040070

https://doi.org/10.1007/s12033-015-9893-y
https://doi.org/10.1016/j.ab.2015.10.002
https://doi.org/10.1016/j.fsigen.2016.08.011
https://doi.org/10.1007/s12024-016-9763-3
https://doi.org/10.1111/1556-4029.12941
https://doi.org/10.1016/j.legalmed.2016.08.004
https://doi.org/10.1007/s12024-016-9825-6
https://doi.org/10.1016/j.fsigen.2017.11.004
https://doi.org/10.1016/j.forsciint.2018.02.032
https://doi.org/10.1016/j.fsigen.2018.10.001
https://doi.org/10.1002/elps.201900118
https://doi.org/10.1016/j.fsigss.2019.10.189
https://doi.org/10.1016/j.fsigss.2019.09.106
https://doi.org/10.1016/j.ab.2020.113933
https://doi.org/10.1016/j.fsigen.2020.102392
https://doi.org/10.1016/j.forsciint.2020.110372
https://doi.org/10.1007/s00414-020-02285-1
https://doi.org/10.1016/j.fsigen.2020.102371
https://doi.org/10.1016/j.legalmed.2019.101630
https://doi.org/10.1016/j.forsciint.2020.110329
https://doi.org/10.1002/elps.202000217
https://doi.org/10.1016/j.scijus.2021.03.005
https://doi.org/10.1016/j.legalmed.2020.101806
https://doi.org/10.1186/s41935-021-00226-6
https://doi.org/10.1007/s00414-021-02552-9
https://doi.org/10.3390/epigenomes10040070 


Epigenomes 2026, 10, 70 38 of 50

292. Liu, Y.; He, H.X.; Xiao, Z.X.; Ji, A.Q.; Ye, J.; Sun, Q.F.; Cao, Y. A systematic analysis of miRNA markers and classification algorithms
for forensic body fluid identification. Brief. Bioinform. 2021, 22, bbaa324. [CrossRef]

293. Abouelkeir, A.R.; Ali, A.A.A.; Abdelsatar, M.F.; Rashed, L.A.; Alsaeed, S.A. Application of the Methylated Markers (Spectrin Beta
and DEAD-Box Protein) for Definitive Differentiation Between Fresh and Aged Semen by evaluating Their Role in Identifying
Semen from Mixed Body Fluids. Int. J. Med. Toxicol. Forensic Med. 2022, 12, 38615. [CrossRef]

294. Huang, H.; Liu, X.; Cheng, J.; Xu, L.; He, X.; Xiao, C.; Huang, D.; Yi, S. A novel multiplex assay system based on 10 methylation
markers for forensic identification of body fluids. J. Forensic Sci. 2022, 67, 136–148. [CrossRef]

295. Li, Z.; Li, Y.; Liu, N.; Yuan, F.; Liu, F.; Liu, J.; Yun, K.; Yan, J.; Zhang, G. Typing of semen-containing mixtures using ARMS-based
semen-specific CpG-InDel/STR markers. Int. J. Leg. Med. 2022, 136, 1163–1176. [CrossRef]

296. Lin, Y.-C.; Tsai, L.-C.; Liu, K.-L.; Huang, N.-E.; Yang, L.-J.; Su, C.-W.; Lee, J.C.-I.; Linacre, A.; Hsieh, H.-M. A novel co-amplification
system for simultaneous amplification of 23 Y-STR and identification of spermatozoa. Int. J. Leg. Med. 2022, 136, 73–84. [CrossRef]

297. Watanabe, K.; Taniguchi, K.; Toyomane, K.; Akutsu, T. A new approach for forensic analysis of saliva-containing body fluid
mixtures based on SNPs and methylation patterns of nearby CpGs. Forensic Sci. Int. Genet. 2022, 56, 102624. [CrossRef]

298. Fang, Y.; Chen, M.; Zhu, B. Construction and evaluation of in-house methylation-sensitive SNaPshot system and three classifica-
tion prediction models for identifying the tissue origin of body fluid. J. Zhejiang Univ. Sci. B 2023, 24, 839–852. [CrossRef]

299. Fang, Y.; Chen, M.; Cai, M.; Lei, F.; Zhu, B. Selection and validation of a novel set of specific differential methylation markers and
construction of a random forest prediction model for the accurate tissue origin identifications of body fluids involving young and
middle-aged group of Chinese Han population. Int. J. Leg. Med. 2023, 137, 1395–1405. [CrossRef]

300. Fernandez-Tejero, N.; Gauthier, Q.; Cho, S.; McCord, B.R. High-resolution melt analysis for the detection of skin/sweat via DNA
methylation. Electrophoresis 2023, 44, 371–377. [CrossRef]

301. Konrad, H.; Lawniczek, J.; Bajramjan, C.; Weber, L.; Bajanowski, T.; Poetsch, M. Knife wound or nosebleed-where does the blood
at the crime scene come from? Int. J. Leg. Med. 2023, 137, 1301–1308. [CrossRef]

302. Konrad, H.; Jürgens, L.; Hartung, B.; Poetsch, M. More than just blood, saliva, or sperm-setup of a workflow for body fluid
identification by DNA methylation analysis. Int. J. Leg. Med. 2023, 137, 1683–1692. [CrossRef]

303. Rhodes, C.; Lewis, C.; Price, K.; Valentine, A.; Creighton, M.R.A.; Boone, E.; Seashols-Williams, S. Evaluation and Verification of a
microRNA Panel Using Quadratic Discriminant Analysis for the Classification of Human Body Fluids in DNA Extracts. Genes
2023, 14, 968. [CrossRef]

304. Silva, D.S.B.S.; Ecker, H.; Walcott, J.; Weeden, R.; Medina, A.; Gorson, J.M. Analysis of DNA methylation markers for tissue
identification in individuals with different clinical phenotypes. Electrophoresis 2023, 44, 1037–1046. [CrossRef]

305. Wang, H.-X.; Liu, X.-Z.; He, X.-M.; Xiao, C.; Huang, D.-X.; Yi, S.-H. Identification of Mixtures of Two Types of Body Fluids Using
the Multiplex Methylation System and Random Forest Models. Curr. Med. Sci. 2023, 43, 908–918. [CrossRef]

306. Altmeyer, L.; Baumer, K.; Hall, D. Differentiation of five forensically relevant body fluids using a small set of microRNA markers.
Electrophoresis 2024, 45, 1785–1795. [CrossRef]

307. Ghemrawi, M.; Fernandez-Tejero, N.; Vaquero, L.; Wanna, A.; Carmel, J.H.; McCord, B. An examination of differences in
epigenetic methylation of saliva type samples based on collection method. Electrophoresis 2024, 45, 897–905. [CrossRef]

308. Kim, B.M.; Park, S.U.; Lee, H.Y. Comparative analysis of SNaPshot and massively parallel sequencing for body fluid-specific
DNA methylation markers. Electrophoresis 2024, 45, 1805–1819. [CrossRef]

309. Li, Z.; Liu, N.; Yuan, F.; Guan, Z.; Liu, J.; Liu, F.; Ren, J.; Yan, J.; Zhang, G. Development of a novel panel for blood identification
based on blood-specific CpG-linked SNP markers. Int. J. Leg. Med. 2024, 138, 1205–1219. [CrossRef]

310. Rothe, J.; Becker, J.M.; Charchinezhadamouei, M.; Mähr, S.; Lembeck, F.; Dannemann, N.; Nagy, M. Expanding the scope
of methylation-sensitive restriction enzyme (MSRE) PCR for forensic identification of body fluids through the novel use of
methylation-dependent restriction enzymes (MDRE) and the combination of autosomal and Y-chromosomal markers. Int. J. Leg.
Med. 2024, 138, 375–393. [CrossRef]

311. Tang, X.; Wen, D.; Jin, X.; Wang, C.; Xu, W.; Qu, W.; Xu, R.; Jia, H.; Liu, Y.; Li, X.; et al. A preliminary study on identification of
the blood donor in a body fluid mixture using a novel compound genetic marker blood-specific methylation-microhaplotype.
Forensic Sci. Int. Genet. 2024, 70, 103031. [CrossRef]

312. Balamurugan, K.; Staples, E.; Alghanim, H.; Duncan, G.; McCord, B. DNA Methylation Markers and the Identification of Buccal
Samples for Forensic Tissue Determination. Forensic Sci. 2025, 5, 26. [CrossRef]

313. Hsu, C.-T.; Tsai, L.-C.; Liu, K.-L.; Lin, Y.-C.; Huang, N.-E.; Lee, J.C.-I.; Linacre, A.; Hsieh, H.-M. Identification of menstrual
blood and vaginal fluid using a 4-plex MSRE-PCR system applicable to alleged sexual assault cases. Int. J. Leg. Med. 2025,
139, 1553–1568. [CrossRef]

314. Li, Z.; Liu, S.; Yuan, F.; Yu, M.; Zhi, S.; Zhao, X.; Zhang, G. Development of a Codetection System Based on STRs and Biofluid-
Specific CpG Markers. Biotechnol. Appl. Biochem. 2025, 72, 1505–1516. [CrossRef]

https://doi.org/10.3390/epigenomes10040070

https://doi.org/10.1093/bib/bbaa324
https://doi.org/10.32598/ijmtfm.v12i4.38615
https://doi.org/10.1111/1556-4029.14872
https://doi.org/10.1007/s00414-022-02843-9
https://doi.org/10.1007/s00414-021-02723-8
https://doi.org/10.1016/j.fsigen.2021.102624
https://doi.org/10.1631/jzus.b2200555
https://doi.org/10.1007/s00414-023-03049-3
https://doi.org/10.1002/elps.202200120
https://doi.org/10.1007/s00414-023-03012-2
https://doi.org/10.1007/s00414-023-03069-z
https://doi.org/10.3390/genes14050968
https://doi.org/10.1002/elps.202200176
https://doi.org/10.1007/s11596-023-2770-1
https://doi.org/10.1002/elps.202400089
https://doi.org/10.1002/elps.202300240
https://doi.org/10.1002/elps.202400037
https://doi.org/10.1007/s00414-023-03105-y
https://doi.org/10.1007/s00414-023-03097-9
https://doi.org/10.1016/j.fsigen.2024.103031
https://doi.org/10.3390/forensicsci5020026
https://doi.org/10.1007/s00414-025-03471-9
https://doi.org/10.1002/bab.2754
https://doi.org/10.3390/epigenomes10040070 


Epigenomes 2026, 10, 70 39 of 50

315. Mizrachi, R.; Neiman, D.; Rosenski, J.; Loyfer, N.; Share, D.; Adjedj, C.; Glaser, B.; Shpitzen, M.; Dor, Y.; Shemer, R.; et al.
Genetic/epigenetic DNA markers for linking suspects and tissues in complex crime scenes. Brief. Bioinform. 2025, 26, bbaf395.
[CrossRef]

316. Wen, D.; Xing, H.; Tang, X.; Wang, Y.; Jiang, B.; Li, J.; Liu, Y.; Zha, L. Application of a new composite genetic marker semen-specific
methylation-microhaplotype in the analysis of semen-vaginal fluid mixtures. R. Soc. Open Sci. 2025, 12, 241565. [CrossRef]

317. Zhao, M.; Cai, M.; Lei, F.; Yuan, X.; Liu, Q.; Fang, Y.; Zhu, B. AI-driven feature selection and epigenetic pattern analysis: A
screening strategy of CpGs validated by pyrosequencing for body fluid identification. Forensic Sci. Int. 2025, 367, 112339.
[CrossRef]

318. Konrad, H.; Jürgens, L.; Hiekel, P.; Fertyk, S.; Wübbe, D.; Hartung, B.; Poetsch, M. Pitfalls in body fluid identification—Age
independent DNA methylation markers for vaginal secretions and menstrual blood in sexual assaults. Int. J. Leg. Med. 2026,
140, 1339–1347. [CrossRef]

319. Schmelzer, L.; Haehn, F.; Schmidt, U.; Naue, J. DNA methylation-based assay and Random Forest classification model for
identification of biological materials. Forensic Sci. Int. Genet. 2026, 84, 103499. [CrossRef]

320. Schmelzer, L.; Hoogenboom, J.; Naue, J. Linking STRs/SNPs and DNA methylation using massively parallel sequencing for
potential forensic applications. Int. J. Leg. Med. 2026, 140, 621–637. [CrossRef]

321. Singh, M.; Pike, C.V.S.; Krithika, S.; Hearn, T.J. Evaluation of extraction methods for co-isolation of nucleic acid from human
saliva for forensic body fluid identification. Int. J. Leg. Med. 2026, 140, 667–683. [CrossRef]

322. Tang, X.; Wen, D.; Wang, C.; Jia, H.; Liu, Y.; Fu, X.; Liang, B.; Li, J.; Wang, H.; Liu, Y.; et al. The coupling of methylation-sensitive
restriction enzyme with recombinant polymerase amplification and lateral flow dipstick for the detection of (menstrual) blood
stains. Forensic Sci. Int. Genet. 2026, 81, 103350. [CrossRef]

323. Xu, J.J.; Gao, N.; Hu, W.J.; Hao, J.X.; Wei, A.J.; Zhao, X.D.; Shi, L.Y.; Yu, D.J.; Zhao, M.Y.; Yan, J.W. Simultaneous analysis of miRNA
and 16S rDNA by a multiplex droplet digital PCR system for body fluid source identification. Forensic Sci. Int. Genet. 2026,
84, 103500. [CrossRef]

324. Zhang, Y.Q.; Liu, B.N.; Shao, C.C.; Xu, H.M.; Xue, A.M.; Zhao, Z.Q.; Shen, Y.W.; Tang, Q.Q.; Xie, J.H. Evaluation of the inclusion
of circular RNAs in mRNA profiling in forensic body fluid identification. Int. J. Leg. Med. 2018, 132, 43–52. [CrossRef]

325. Liu, B.N.; Song, F.; Yang, Q.R.; Zhou, Y.X.; Shao, C.C.; Shen, Y.W.; Zhao, Z.Q.; Tang, Q.Q.; Hou, Y.P.; Xie, J.H. Characterization
of tissue-specific biomarkers with the expression of circRNAs in forensically relevant body fluids. Int. J. Leg. Med. 2019,
133, 1321–1331. [CrossRef]

326. Samie, L.; Champod, C.; Delémont, S.; Basset, P.; Hicks, T.; Castella, V. Use of Bayesian Networks for the investigation of the
nature of biological material in casework. Forensic Sci. Int. 2022, 331, 111174. [CrossRef]

327. Li, Z.; Zhou, B.; Su, M.; Ren, H.; Li, J.; Wang, L.; Zhang, L. Quantitative differential analysis of tsRNAs for forensic body
fluid identification: RT-qPCR-based discrimination derived from epithelial cell fluids screening. Forensic Sci. Int. Genet. 2026,
80, 103338. [CrossRef]

328. Xu, H.; Zhao, Y.; Liu, Z.; Zhu, W.; Zhou, Y.; Zhao, Z. Bisulfite genomic sequencing of DNA from dried blood spot microvolume
samples. Forensic Sci. Int. Genet. 2012, 6, 306–309. [CrossRef]

329. Zhang, S.; Zhao, S.; Wang, Z.; Li, C. Investigation of parent-of-origin SNPs in 5 imprinted genes for forensic purpose. Forensic Sci.
Int. Genet. Suppl. Ser. 2013, 4, e304–e305. [CrossRef]

330. Pandeshwar, P.; Das, R. Role of oral fluids in DNA investigations. J. Forensic Leg. Med. 2014, 22, 45–50. [CrossRef]
331. Dumache, R.; Ciocan, V.; Muresan, C.; Rogobete, A.F.; Enache, A. Circulating microRNAs as promising biomarkers in forensic

body fluids identification. Clin. Lab. 2015, 61, 1129–1135. [CrossRef]
332. Kovatsi, L.; Vidaki, A.; Fragou, D.; Syndercombe Court, D. Epigenetic Fingerprint. In Personalized Epigenetics; Tollefsbol, T.O., Ed.;

Academic Press: Amsterdam, The Netherlands, 2015; pp. 221–243. [CrossRef]
333. Kreutz, M.; Schock, G.; Kaiser, J.; Hochstein, N.; Peist, R. PyroMark® instruments, chemistry, and software for Pyrosequencing®

analysis. Methods Mol. Biol. 2015, 1315, 17–27. [CrossRef]
334. Dumache, R.; Ciocan, V.; Muresan, C.; Enache, A. Molecular DNA analysis in forensic identification. Clin. Lab. 2016, 62, 245–248.

[CrossRef]
335. Margiotta, G.; Iacovissi, E.; Tommolini, F.; Severini, S.; Carnevali, E. Forensic DNA phenotyping: A new powerful tool in forensic

medicine. In Forensic Medicine: Fundamentals, Clinical Perspectives and Challenges; Hammond, E.J., Ed.; Nova Science Publishers:
Hauppauge, NY, USA, 2016; pp. 1–23.

336. Park, J.-L.; Woo, K.-M.; Kim, S.-Y.; Kim, Y.S. Potential forensic application of DNA methylation to identify individuals in a pair of
monozygotic twins. Forensic Sci. Int. Genet. Suppl. Ser. 2017, 6, e456–e457. [CrossRef]

337. Freire-Aradas, A.; Phillips, C.; Girón-Santamaría, L.; Mosquera-Miguel, A.; Gómez-Tato, A.; Casares de Cal, M.Á.; Álvarez-Dios,
J.; Lareu, M.V. Tracking age-correlated DNA methylation markers in the young. Forensic Sci. Int. Genet. 2018, 36, 50–59. [CrossRef]

338. Hunter, P. Uncharted waters: Next-generation sequencing and machine learning software allow forensic science to expand into
phenotype prediction from DNA samples. EMBO Rep. 2018, 19, e45810. [CrossRef]

https://doi.org/10.3390/epigenomes10040070

https://doi.org/10.1093/bib/bbaf395
https://doi.org/10.1098/rsos.241565
https://doi.org/10.1016/j.forsciint.2024.112339
https://doi.org/10.1007/s00414-026-03717-0
https://doi.org/10.1016/j.fsigen.2026.103499
https://doi.org/10.1007/s00414-025-03602-2
https://doi.org/10.1007/s00414-025-03641-9
https://doi.org/10.1016/j.fsigen.2025.103350
https://doi.org/10.1016/j.fsigen.2026.103500
https://doi.org/10.1007/s00414-017-1690-7
https://doi.org/10.1007/s00414-019-02027-y
https://doi.org/10.1016/j.forsciint.2022.111174
https://doi.org/10.1016/j.fsigen.2025.103338
https://doi.org/10.1016/j.fsigen.2011.06.007
https://doi.org/10.1016/j.fsigss.2013.10.155
https://doi.org/10.1016/j.jflm.2013.12.007
https://doi.org/10.7754/clin.lab.2015.150207
https://doi.org/10.1016/b978-0-12-420135-4.00008-5
https://doi.org/10.1007/978-1-4939-2715-9_2
https://doi.org/10.7754/clin.lab.2015.150414
https://doi.org/10.1016/j.fsigss.2017.09.177
https://doi.org/10.1016/j.fsigen.2018.06.011
https://doi.org/10.15252/embr.201845810
https://doi.org/10.3390/epigenomes10040070 


Epigenomes 2026, 10, 70 40 of 50

339. Ito, H.; Udono, T.; Hirata, S.; Inoue-Murayama, M. Estimation of chimpanzee age based on DNA methylation. Sci. Rep. 2018,
8, 9998. [CrossRef]

340. Park, H.-C.; Ahn, E.-R.; Jung, J.Y.; Park, J.-H.; Lee, J.W.; Lim, S.-K.; Kim, W. Enhanced sensitivity of CpG island search and primer
design based on predicted CpG island position. Forensic Sci. Int. Genet. 2018, 34, 134–140. [CrossRef]

341. Yao, Y.N.; Yang, Q.R.; Shao, C.C.; Liu, B.N.; Zhou, Y.X.; Xu, H.M.; Zhou, Y.Q.; Tang, Q.Q.; Xie, J.H. Null alleles and sequence
variations at primer binding sites of STR loci within multiplex typing systems. Leg. Med. 2018, 30, 10–13. [CrossRef]
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