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ABSTRACT

Age-associated DNA methylation changes at a small number of CpG sites provide a molecular basis for estimating
chronological age from a biological sample, a capability of substantial forensic interest, but the bisulfite conversion
and amplification steps underlying most methylation assays are sensitive to the DNA fragmentation and chemical
damage typical of forensic evidence, and the robustness of methylation-based age estimation to this degradation
has not been systematically characterized. We selected five age-informative CpG loci within ELOVL2, FHL2,
KLF14, TRIM59 and EDARADD, previously validated in blood, and developed short bisulfite amplicon assays
(59-91 bp post-conversion) designed specifically to remain amplifiable from fragmented template, then trained an
elastic-net regression model for age prediction on 312 venous blood samples from donors aged 3-89 years. We
experimentally degraded aliquots of 60 samples spanning the training age range by controlled UV irradiation, dry
heat incubation and extended room-temperature storage to simulate casework-relevant degradation, and quantified
methylation at each locus in both intact and degraded aliquots by pyrosequencing. The intact-sample model
achieved a mean absolute prediction error of 3.4 years by leave-one-out cross-validation. Prediction error in
degraded aliquots increased significantly only in samples degraded to a mean fragment size below 150 bp, at which
the mean absolute error rose to 7.8 years, driven predominantly by reduced amplification efficiency at the FHL2 and
TRIM59 loci rather than by a systematic shift in methylation level at successfully amplified sites. A simplified
three-locus model restricted to ELOVL2, KLF14 and EDARADD, the loci least affected by fragmentation, retained a
mean absolute error of 5.1 years even in the below-150 bp category, at a modest cost in intact-sample accuracy
(4.1 years). These results indicate that short-amplicon methylation-based age estimation remains usable in severely
degraded forensic samples provided that amplicon selection is designed around fragmentation robustness.
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1. INTRODUCTION

Chronological age at the time a biological sample was
deposited is not directly recoverable from standard
forensic short tandem repeat profiling, yet an age
estimate can substantially narrow an investigative pool
when a suspect's identity is otherwise unknown. DNA
methylation at a defined set of CpG sites changes with
age in a highly reproducible, tissue-consistent manner,
and elastic-net or similar regularized regression models
trained on methylation at as few as five to eight such
sites can predict chronological age in blood to within
several years across the human lifespan, motivating
substantial interest in translating these models into
forensic practice [1,2].

Nearly all published age-prediction models have been
trained and validated on high-quality genomic DNA
extracted from fresh or well-preserved blood, whereas
forensic casework samples are frequently degraded by
environmental exposure, time, or the biological
processes of decomposition, producing DNA fragmented
well below the amplicon lengths typically used in
methylation assays. Bisulfite conversion itself further
fragments and chemically damages template DNA,
compounding pre-existing degradation and potentially
reducing amplification success specifically at loci with
longer or less efficient primer designs [3,4]. Whether
age-prediction accuracy is preserved, modestly reduced,
or substantially compromised under casework-relevant
degradation has received comparatively little systematic
study, with most prior reports either using intact
reference samples or testing only a single degradation
condition.

A related open question is whether degradation affects
all age-informative loci equally or disproportionately
compromises particular loci, for example those requiring
longer amplicons or less efficient bisulfite-converted
primer binding, in which case a model built around
fragmentation-robust locus selection might substantially
outperform a model optimized purely for intact-sample
accuracy once applied to degraded evidence.
Addressing this question requires paired methylation
measurements from the same samples before and after
controlled, casework-relevant degradation, rather than
comparing accuracy across studies that differ in donor
population, tissue type and assay design.

Here we developed short bisulfite amplicon assays for
five previously validated age-informative loci, trained an
elastic-net age-prediction model on 312 intact blood
samples, and then experimentally degraded aliquots of
60 of these samples by UV irradiation, dry heat and
extended storage to systematically test how
fragmentation affects both per-locus amplification
success and age-prediction accuracy. We report that
degradation below a mean fragment size of 150 bp
substantially increases prediction error in the full
five-locus model, driven by differential amplification
dropout across loci, and that a simplified three-locus
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model  selected for fragmentation  robustness
substantially recovers accuracy in severely degraded
samples at only a modest cost to intact-sample
performance.

2. MATERIALS AND METHODS

Venous blood samples were collected from 312 donors
aged 3 to 89 years under informed consent, with
genomic DNA extracted by standard column-based
purification; 60 samples spanning the training age range
were selected for paired intact-versus-degraded
methylation comparison.

I 2.1 Locus selection and short-amplicon assay design

Five CpG loci within ELOVL2, FHL2, KLF14, TRIM59
and EDARADD were selected based on prior reports of
strong age association in blood, and bisulfite PCR
primers were redesigned specifically to minimize
post-conversion amplicon length (59-91 bp) while
retaining coverage of the informative CpG position, in
contrast to longer amplicons (120-180 bp) used in
several previously published assays for the same loci.

I 2.2 Sample degradation treatments

Aliquots of extracted genomic DNA from 60 selected
samples were subjected to three degradation treatments
in parallel: UV-C irradiation at defined doses up to 500
mJ/cmz2, dry heat incubation at 94°C for up to 4 hours,
and extended storage at room temperature and 60%
relative humidity for up to 8 weeks, chosen to model
exposure, thermal and time-based degradation scenarios
relevant to casework evidence. Fragment size
distribution after each treatment was assessed by
capillary electrophoresis, and samples were grouped into
three post-treatment mean fragment size bins (>300 bp,
150-300 bp, <150 bp) for subsequent analysis.

I 2.3 Bisulfite conversion and pyrosequencing

Genomic DNA from intact and degraded aliquots was
bisulfite-converted using a column-based kit optimized
for degraded input, and each of the five short amplicons
was PCR-amplified in triplicate and quantified by
pyrosequencing on a Qiagen PyroMark Q48 platform,
with amplification success defined as generation of a
sequencable peak of sufficient signal intensity in at least
two of three technical replicates.

I 2.4 Elastic-net age-prediction model training

An elastic-net regularized linear regression model was
trained on methylation beta-values at the five loci from all
312 intact-sample donors using the glmnet package in R,
with the regularization parameter selected by 10-fold
cross-validation minimizing mean squared prediction
error; model accuracy was assessed by leave-one-out
cross-validation across the full donor set. A reduced
three-locus model using only ELOVL2, KLF14 and
EDARADD was trained identically for comparison.

I 2.5 Statistical analysis
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Prediction error was summarized as mean absolute error
(MAE) between predicted and chronological age within
each degradation category. Differences in per-locus
amplification success and in MAE across degradation
categories were assessed by one-way ANOVA with
Tukey post-hoc comparison, with P<0.05 considered
significant. All statistical analyses were performed in R
version 4.3.

3. RESULTS

The five-locus elastic-net model trained on intact-sample
methylation achieved a mean absolute prediction error of
3.4 years by leave-one-out cross-validation across the
full 312-donor training set, consistent with the accuracy
range reported for comparable models in prior
blood-based studies. Coefficients for ELOVL2 and FHL2
contributed the largest magnitude to the fitted model,
consistent with their established status as the two most
strongly age-associated loci among the five selected.
Table 1 summarizes per-locus methylation-age
correlation and model coefficient magnitude for the
intact-sample training set.

Table 1. Per-locus methylation-age correlation and
elastic-net model coefficient magnitude in the
intact-sample training set (n = 312).

Pearson r

Amplicon (methylation vs Model
length (bp) y coefficient
age)
ELOVL2 72 0.91 18.4
FHL2 88 0.84 12.6
KLF14 65 0.77 8.1
TRIM59 91 0.69 5.3
EDARADD 59 0.73 6.7

Amplicon length is post-bisulfite-conversion length; model
coefficient is the absolute standardized elastic-net weight for each
locus.

Amplification success across the three degradation
treatments fell in a fragment-size-dependent manner that
differed substantially by locus: at mean fragment sizes
below 150 bp, amplification success remained above
85% for the short ELOVL2, KLF14 and EDARADD
amplicons but fell below 55% for the comparatively
longer FHL2 and TRIM59 amplicons, despite all five
amplicons being under 91 bp post-conversion (Figure 1).
Among successfully amplified loci at any fragment size,
measured methylation beta-value did not differ
significantly from the matched intact-aliquot value,
indicating that degradation reduced amplification
success rather than distorting the methylation
measurement itself once amplification succeeded.
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Per-locus amplification success across post-degradation
fragment size categories (mean = SD, triplicate technical replicates)
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Figure 1. Amplification success rate (mean + SD of triplicate
technical replicates) at each of the five age-informative loci across
three post-degradation fragment size categories, showing
disproportionate dropout at the FHL2 and TRIM59 loci relative to
ELOVL2, KLF14 and EDARADD in the below-150 bp category.

Applying the full five-locus model to degraded aliquots,
prediction error increased with degradation severity,
reaching a mean absolute error of 7.8 years in the
below-150 bp fragment size category, driven
predominantly by missing-data imputation and reduced
measurement confidence at the FHL2 and TRIM59 loci in
this category rather than by systematic bias at loci that
did amplify successfully. Table 2 reports mean absolute
prediction error for both the full five-locus and reduced
three-locus models across the three degradation
categories.

Table 2. Mean absolute age-prediction error (years) for the

five-locus and three-locus models across degradation
categories.

Fragment size Five-locus  Three-locus n samples
category model MAE model MAE

Intact (undegraded) 3.4 4.1 312

>300 bp 3.9 4.3 22
150-300 bp 5.6 4.8 21

<150 bp 7.8 5.1 17

The reduced three-locus model restricted to ELOVL2,
KLF14 and EDARADD, the loci whose amplification
success was least affected by fragmentation, showed a
smaller accuracy cost in intact samples (MAE 4.1 years
versus 3.4 years for the five-locus model) but
substantially ~ better  robustness under  severe
degradation, retaining a mean absolute error of 5.1 years
in the below-150 bp category compared to 7.8 years for
the full model, a significant improvement (P<0.001,
Tukey post-hoc).

4. DISCUSSION

These results show that methylation-based age
estimation is not uniformly degraded by DNA
fragmentation typical of forensic casework samples;
rather, accuracy loss under degradation was
concentrated in loci whose amplicons, despite falling
within the generally recommended short-amplicon range
for degraded-DNA assays, were still disproportionately
affected by fragmentation relative to the shortest loci in
our panel. This suggests that amplicon length
recommendations  calibrated against a  single
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fragmentation  threshold may be insufficiently
conservative for the most severely degraded casework
samples, and that locus-specific robustness should be
empirically validated under multiple degradation
conditions rather than assumed from amplicon length
alone.

The finding that methylation measurements at
successfully amplified loci were not systematically biased
by degradation, in contrast to the amplification dropout
we observed, is reassuring for forensic application: it
indicates that when a short-amplicon methylation assay
does succeed on degraded template, the resulting
methylation value can be interpreted with similar
confidence to an intact-sample measurement, and that
the primary practical challenge is ensuring successful
amplification rather than correcting for
degradation-induced measurement bias. This is broadly
consistent with prior reports that bisulfite-converted DNA
methylation values are chemically stable once
successfully measured, with degradation acting mainly
through reduced amplifiable template rather than altered
cytosine conversion fidelity [5,6].

The substantially improved robustness of the reduced
three-locus model under severe degradation, at a
modest cost to intact-sample accuracy, suggests that
forensic age-prediction assays might benefit from
offering a tiered locus panel, applying the full model
when sample quality permits and falling back to a
fragmentation-robust reduced panel when degradation is
severe, rather than relying on a single fixed panel
optimized only for intact-sample accuracy. Such a tiered
approach would need further validation across a broader
range of tissue types and degradation conditions,
including the mixed and microbially contaminated
degradation typical of skeletal or decomposed forensic
evidence, which our controlled UV, heat and storage
treatments do not fully recapitulate.

Several limitations should be noted. First, our
degradation treatments, while chosen to model
casework-relevant exposure, thermal and time-based
degradation, cannot fully reproduce the combined
chemical, microbial and environmental degradation of
real skeletal or decomposed forensic evidence, and
validation on authentic aged casework samples would
strengthen these conclusions. Second, our training and
degradation cohort was drawn entirely from blood,;
methylation-age relationships and degradation sensitivity
may differ in other forensically relevant tissues such as
saliva, semen or bone, each of which would require
independent locus validation. Third, our sample size
within each degradation category, while adequate to
detect the reported effects, was modest relative to the full
training cohort, and a larger degraded-sample validation
set would improve the precision of degradation-specific
error estimates.

4

Vol 4 | Issue 2 | pp. 1-6 | 2026

5. CONCLUSION

Short-amplicon bisulfite pyrosequencing and elastic-net
regression at five age-informative CpG loci achieved a
mean absolute age-prediction error of 3.4 years in intact
blood DNA, and experimental degradation by UV, heat
and storage showed that prediction error under severe
fragmentation is driven primarily by differential
amplification dropout across loci rather than by distortion
of methylation values at successfully amplified sites. A
reduced three-locus model selected specifically for
fragmentation  robustness  substantially  improved
accuracy in severely degraded samples relative to the
full five-locus model, at only a modest cost to
intact-sample performance, supporting the use of
fragmentation-aware locus selection, and potentially
tiered locus panels, in the development of forensic
methylation-based age-estimation assays intended for
casework-relevant degraded evidence.
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