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Abstract

Given that combination with multiple biomarkers may well raise the predictive value of wound age, it appears critically
essential to identify new features under the limited cost. For this purpose, the present study explored whether the gene expres-
sion ratios provide unique time information as an additional indicator for wound age estimation not requiring the detection of
new biomarkers and allowing full use of the available data. The expression levels of four wound-healing genes (Arid5a, Ier3,
Stom, and Lcpl) were detected by real-time polymerase chain reaction, and a total of six expression ratios were calculated
among these four genes. The results showed that the expression levels of four genes and six ratios of expression changed
time-dependent during wound repair. The six expression ratios provided additional temporal information, distinct from the
four genes analyzed separately by principal component analysis. The overall performance metrics for cross-validation and
external validation of four typical prediction models were improved when six ratios of expression were added as additional
input variables. Overall, expression ratios among genes provide temporal information and have excellent potential as predic-
tive markers for wound age estimation. Combining the expression levels of genes with ratio-expression of genes may allow

for more accurate estimates of the time of injury.
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Introduction

Assessing the interval between injury and death is a central
issue in forensic practice [1]. For many decades, numer-
ous forensic specialists have attempted to determine wound
age association with murders, cases of manslaughter, and
accidents [2]. Cellular and molecular responses to injury
are complicated and organized [3, 4]. Studies have shown
that orchestrated biological phenomena (e.g., various
inflammatory cells, cytokines, and growth factors), which
occur predictably with time during wound healing pro-
cesses, could be used to determine the age of mechanically
induced wounds [5]. Temporal expression profiles of genes
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involved in healing processes (e.g., matrix metalloproteases,
chemokines, and growth factors) have shown great potential
for wound aging assessment [6—8].

With the increasing exploration of time-dependent mark-
ers, combinations of biomarkers have significantly achieved
more robust outcomes than single biomarkers. Birincioglu
et al. [9] measured nine cytokines using a multiplex bead-
based immunoassay, while Kubo et al. [10] examined the
temporal expression levels of 13 genes (e.g., cytokines,
chemokines, and growth factors). Although those studies
indicated that combinations of biomarkers enable accurate
wound age estimation, the multiple markers are usually
applied as simple combinations, and the information they
can provide without fully exploited.

Machine learning, which can discover new knowledge
and learn from databases, extracts latent details and uses
them to make predictions and provide an effective analysis
tool for using multi-index to estimate wound age [11, 12].
Generally, the availability of more data enhances the accu-
racy of machine learning. Therefore, how identifying more
diagnostic features for wound age estimation is critically
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essential. The ratio of biomarkers can magnify the slight
difference between two molecule expressions and be charac-
terized in a biologically meaningful manner. Concentration
changes in metabolite ratios between different pathologi-
cal states are measured to construct differential metabolic
networks because metabolite ratios could represent meta-
bolic pathway reactions [13, 14]. Top-scoring pair (TSP)
methods were proposed in microarray data analysis based
on pairwise mRNA comparisons to identify crucial feature
pairs [15]. Based on the predecessor’s research foundation,
we attempted to calculate the ratio of gene expressions as a
potential biomarker to improve prediction accuracy.

This study aimed to explore whether ratios of gene expres-
sion (ratio-expressions) provide distinct temporal information
so that they can be used as indicators for estimating wound
age to achieve cost reduction and better practical applica-
tion. First, the expression levels of four wound-healing genes
(AT-rich interactive domain-containing protein 5a [AridSa],
immediate early response-3 [Ier3], stomatin [Stom], and lym-
phocyte cytosolic protein 1 [Lcpl]) were detected by reverse
transcription-quantitative polymerase chain reaction (RT-
gPCR). Second, six expression ratios among four genes were
calculated by 2-24C method. Finally, the supervised learning
algorithms were employed to investigate whether prediction
accuracy could be improved when ratios of expression levels
among genes were regarded as input parameters.

Materials and methods
Animal model of skeletal muscle contusion

All procedures were performed following the “Guiding Prin-
ciples in the Use and Care of Animals” (NIH Publication
No. 85-23, Revised 1996); they were approved by the Insti-
tutional Animal Care and Use Committee of Shanxi Medi-
cal University of China [batch number of rats: SCXK (Jin)
(2009-0001)]. Animals received humane care following the
principles of the Guide for the Care and Use of Laboratory
Animals protocol, published by the Ministry of the People’s
Republic of China (issued on June 4, 2004).

In total, 70 male Sprague—Dawley rats (6—8 weeks old,
weighing 250-300 g) were obtained from the Animal
Center of Shanxi Medical University. All rats were housed
in cages with access to liberal amounts of food and water
under a 12-h light—dark cycle at 22-24 °C and 40-60% rela-
tive humidity. In total, 56 rats were randomly sorted into
a control group (n=38) and 4-, 8-, 12-, 16-, 20-, and 24-h
contusion groups (n = 8/group). Additionally, 14 rats were
randomly allocated to control and contusion groups (n=2/
group) to validate the models. In brief, each rat was anes-
thetized with pentobarbital and placed on an experimental
table in the supine position. Then, a 500-g counterpoise
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(1.1 cm in diameter) was dropped from a height of 30 cm
through a clear Lucite guide tube onto the thigh muscles
of the right posterior limb to simulate a mechanical injury
that resulted in edema and hemorrhage, usually followed by
muscle regeneration. This paradigm closely mimicked the
inflammatory response and muscle healing process associ-
ated with violent muscle injury.

The rats were sacrificed at 4, 8, 12, 16, 20, and 24 h post-
contusion (n =8 per time point) using a lethal dose of pento-
barbital (350 mg/kg body weight, intraperitoneal injection).
Approximately 100 mg of muscle was sampled from the
wound site and equally divided into two parts in each rat.
In the control group, specimens were harvested from the
same site after anesthetization with an overdose of pento-
barbital. All muscle samples were immediately frozen with
liquid nitrogen and then stored at— 80 °C until real-time
PCR analysis.

Hematoxylin and eosin staining

The injured muscles were fixed in 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4), processed in an automated
tissue processor, and embedded in paraffin. Four-micron-
thick coronal sections were cut on a microtome and stained
with hematoxylin and eosin (H&E). Following staining, the
slides were imaged using a Tissue Fax Plus 2000 slide scan-
ner (Tissuen Gnostics) at a magnification of 200 X, and two
different pathologies described the image of H&E sections.

Total RNA preparation

Total RNA was extracted from derived muscle specimens
(approximately 50 mg/sample) using RNAiso Plus 9108
(Takara, Shiga, Japan). The quality and quantity of total
RNA were determined using the Agilent 2100 bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) using an Agi-
lent RNA 6000 Nanokit and the Infinite M200 Pro micro-
plate reader (Tecan, Minnedorf, Switzerland). Only RNAs
with OD260/0D280 ratios of 1.8-2.2 and RNA integrity
numbers > 7.0 were used for cDNA synthesis.

Real-time PCR

cDNA conversion was conducted using the Prime Script
RT-PCR Kit (Takara) following the standard protocol.
Reverse transcription was performed using 0.4 pg of total
RNA per reaction in accordance with the manufacturer’s
protocol. Subsequently, the reaction mixture was incu-
bated for 5 min at 37 °C and 15 s at 85 °C. Primers and
TagMan fluorescent probes were designed using AlleleID
6 software (Premier Biosoft International, Palo Alto, CA,
USA), verified with BLAST, and synthesized by Sangon
Biotech (Shanghai, China). Sense and anti-sense primers



International Journal of Legal Medicine (2024) 138:197-206

199

were designed to span genomic DNA introns, thus avoid-
ing the amplification of genomic DNA. Ribosomal protein
L13 (RPL13) mRNA and ribosomal protein L32 (RPL32)
mRNA, which are stably expressed in contused skeletal
muscle [16], were selected as reference genes. The prim-
ers, probes, and fluorescent labeling sequences are listed
in Table 1.

PCR reaction mixtures were prepared with 12.5 pL Pre-
mix Ex Taq, 2.0 pL 10% dimethyl sulfoxide, 3 pL. RNase-
free H,0, 1.5 pL cDNA, and 0.5 pL of primers and probes
for each gene. Each mixture consisted of primers and probes
for four genes (two reference genes and two target genes),
allowing simultaneous measurement of those four genes in a
single well. The amplification process was performed using
a Bio-Rad real-time PCR system (CFX384; Bio-Rad, Her-
cules, CA, USA) and a protocol of pre-denaturation at 95 °C
for 10 s, followed by 40 cycles of denaturation at 95 °C for
5 s and annealing/extension at 60 °C for 40 s.

For amplification efficiency, EASY Dilution solutions
(Takara) were used for serial dilution of the synthesized
cDNAs (fivefold 1, 1:51, 1:52, 1:53, and 1:54 or threefold
1, 1:31, 1:32, 1:33, and 1:34). Negative controls were also
performed with deionized water during each run; the real-
time PCR procedure was repeated at least three times for
each sample. The amplification efficiencies of the genes
were within 90-110%, and all R? values were > 0.99.

Table 1 Primers and probes for real-time polymerase chain reaction

Data analysis

The expression levels of four target mRNAs and six ratios of
expression among the four genes were computed using the
2-24C method. The means and standard errors of the means
were calculated for all parameters investigated in the study.
One-way analysis of variance was used for the analysis, and
P <0.05 was considered statistically significant.

Formula for calculating the relative expression of the four
target genes:

2—AAC1 2—[(0 Target—mean Ct RPL13, RPL32) time x—(Ct Target—mean Ct RPL13, RPL32) time 0]

Formula for calculating the six ratios of expression
among the four genes:

2—AACL 2—[(Cl Target A—Ct Target B) time x—(Ct Target A—Ct Target B) time 0]

Principal component analysis (PCA) was performed
using SIMCA-P software (version 14.1; Umetrics,
Malmo, Sweden) to extract temporal information from
the expression data. Logistic regression, random forest,
support vector machine, and multilayer perceptron clas-
sification models were established in the Python envi-
ronment (version 3.8). For model evaluation, eightfold
cross-validation and external validation were applied; the
accuracy, recall rate, precision rate, and F1 score (i.e.,
comprehensive evaluation index) were calculated.

Gene symbol ~ GenBank accessionno  Strand Nucleotide sequence Location Size of PCR  Amplifica-
products (bp) tion efficien-
cies

RPL13 NM_031101.1 Sense TCGTGAGGTGCCCTACAGTTAG 209-230 107 101.5%
Probe CACACCAAGGTCCGGGCTGGCAG 235-257
Antisense  GGTGCGTGCCATTTTCTTGTG 315-295

RPL32 NM_013226.2 Sense ATCTGGCCCTTGAATCTTCTCC 99-121 115 100.3%
Probe TGTCGATGCCTCTGGGTTTCCGCC 182-159
Antisense AGAGGACCAAGAAGTTCATCAGG 213-192

Arid5a NM_001034934.2 Sense ACCAAGCCCAGGAAGCAATAC 412-432 140 96.2%
Probe TGTGGTCTGGTCCGCCTGCCTCTC 525-502
Antisense  GGGGCATCTGATTTGGTCTTTTC 551-529

ler3 NM_212505.2 Sense CGTGCGTCCGAACACTTCTC 179-198 100 95.9%
Probe CGAAAACGCAGCCGACGGGTGCTC  207-230
Antisense  AATGTTGGGTTCCTCGGTTGG 278-258

Stom NM_001011965 Sense TTCATCAAGGTGGACATGAGGAC 306-328 116 101.6%
Probe CCACGCTGATGGTCACCGAGTCCT  367-390
Antisense  GCGTTCTGAACACGGTAATAGAC 399-421

Lep 1 NM_001012044.1 Sense AACCCTGGAGTCAATCATTTGTAC 1273-1296 119 103.6%
Probe ATCCGACGCCCTGGTCATCTTCCA 1305-1328
Antisense TTGGGGTATGGAGGTCTGTTTAC 1369-1391
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Results

Histological examination of contused skeletal
muscle

To examine the morphological changes in skeletal muscle tis-
sue at various injury time points, H&E staining was employed
on the skeletal muscle tissue. The findings revealed that the
muscle cells in the control group displayed clarity, with well-
organized muscle bundles (Fig. 1a). Conversely, the contused
skeletal muscles exhibited a gradual occurrence of hemorrhage,
edema, myocyte degeneration, and inflammatory response
following injury (Fig. 1b—g). Specifically, at 4 h post-injury,
there was conspicuous infiltration of red blood cells, disarrayed
arrangement of skeletal muscle cells, and a minor presence of
infiltrating neutrophils. As time progressed, the number of neu-
trophils within the injured tissue steadily increased, culminating
in a significant influx of neutrophils at 24 h post-injury.

Expression levels of Arid5a, ler3, Stom, and Lcp1
during wound healing

The relative expression levels of Arid5a, Ier3, Stom, and
Lcpl were detected by RT-qPCR (Table 2 and Fig. 2b).
The expression profiles of all four genes exhibited time-
dependent patterns after muscle contusion; all expression
levels were significantly increased at 4 h after injury com-
pared with the control group. The expression levels were

Table 2 Expression levels of Arid5a, Ier3, Stom, and Lcpl in con-
tused skeletal muscle

Groups  Arid5a Ter3 Stom Lepl

Ctrl 1+0.28 1+0.3 1+0.16 1+0.18
4h 2.27+0.58*% 3.51+0.6% 224+0.5*%  2.52+0.42%
8h 1.81+0.32*% 4.44+1.13* 0.78+0.1 2.06+0.48*
12h 2.5+0.47*% 3.85+0.86* 2.73+0.56* 2.77+0.22%
16 h 2.37+£041*% 294+0.75% 1.48+0.28* 4.27+1.03*
20h 1.67+£0.11*% 1.34+0.48 1.76 £0.24* 2.12+0.28*
24 h 2.02+047* 2.14+0.26% 3.42+0.72*% 3.32+0.45%*

Data are shown as means + standard deviations; n = 8/group
*
P<0.05

consistently elevated within 24 h after injury, except Ier3 at
20 h and Stom at 8 h. Although these genes were upregulated
after injury, their expression levels and profiles were distinct
over time, implying specific temporal information that could
aid wound age estimation.

Changes in the ratio expressions among the four
genes after muscle injury

Because the four genes exhibited different expression pro-
files, we calculated six expression ratios among them to
explore whether they varied in a time-dependent manner.
As shown in Fig. 3, the six expression ratios among the four

Fig.1 Hematoxylin—eosin staining (H&E) of skeletal muscle samples
in rats. a The morphology of normal skeletal muscle without contusion
(control) showed that the muscle cells in the control group displayed
clarity, with well-organized muscle bundles. b—g The morphology of
contused skeletal muscle at 4, 8, 12, 16, 20, and 24 h after injury. The
contused skeletal muscles exhibited a gradual occurrence of hemorrhage,
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edema, myocyte degeneration, and inflammatory response following
injury. Specifically, at 4 h post-injury, there was conspicuous infiltration
of red blood cells, disarrayed arrangement of skeletal muscle cells, and a
minor presence of infiltrating neutrophils. As time progressed, the num-
ber of neutrophils within the injured tissue steadily increased, culminat-
ing in a significant influx of neutrophils at 24 h post-injury
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Fig.2 Expression levels of
Arid5a, Ier3, Stom, and Lcpl
were analyzed by RT-qPCR
throughout the injury period.
a Animal groups in the study.
In total, 56 rats were randomly
sorted into control (n=8) and
4-, 8-, 12-, 16-, 20-, and 24-h

contusion groups (n=8/group).

b Relative expression levels

of Arid5a, Ier3, Stom, and
Lcpl after muscle contusion;
comparisons among control
and contusion groups were
performed by one-way analysis
of variance. Data are shown as
means + standard deviations;
*P<0.05
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genes significantly changed after muscle contusion; they
exhibited distinct patterns over time after injury. The level
of Arid5a/ler3 decreased from 4 to 16 h, then significantly
increased at 20 h. Within 24 h after injury, Arid5a/Lcpl
and Stom/Lcpl expression ratios were lower than in the
control group. The ratios of Arid5a/Stom, Ier3/Lcpl, and
Lcp1/Stom expression rapidly increased to a peak at 8 h, and
then gradually decreased. These findings indicated that the
ratio expressions among these four genes changed distinctly
over time, implying the presence of temporal information for
wound aging assessment.

PCA of temporal information contained in the four
genes and six ratios of expression

PCA was applied to the expression data to more fully elu-
cidate the temporal information provided by these indica-
tors. The expression levels of AridSa, Ier3, Stom, and Lcpl
changed during wound repair; the groups were distinct from
each other except at 4, 12, and 16 h (Fig. 4a). Notably, the 4,

12, and 16 h samples were distinct in the scatter plots of the
six expression ratios among these four genes, suggesting the
presence of distinct temporal information (Fig. 4b). Moreo-
ver, after combining the expression data of the four genes
with the six ratios of expression among them, we found that
the samples were separated according to wound age; sam-
ples were more closely clustered within each group (Fig. 4c).
Overall, the expression data of the four genes combined with
the six ratios of expression among them may provide novel
information for wound age estimation.

Performance comparison of models built
without or with the six expression ratios
among the four genes

In order to understand the performance of the expression
ratios among those genes that contribute to estimating
wound age, the classification models were developed
using logistic regression, random forest, support vec-
tor machine, and multilayer perceptron methods. The
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Fig.4 PCA of temporal information of indicator genes after muscle
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Lepl. b PCA of the six ratios of expression among the four genes.
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¢ PCA of the expression levels of the four genes plus six ratios of
expression among them
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Table 3 . Performancc? . Model Markers ACC REC PREC F1 score
comparisons of prediction
models, based on the expression | R Without six relative expressions  0.75+0.127  0.75+0.127  0.679+0.121 0.712+0.123
L"Ilv;fo‘igﬁ:‘;dg;?f; :il:rr‘gﬁos With six relative expressions ~ 0.911+£0.074 09110074 0.866=0.111 0.887+0.093
of expression, for wound RF Without six relative expressions  0.893+0.066 0.893+0.066 0.839+0.099 0.712+0.123
age during eightfold cross- With six relative expressions 0.946+0.074 0.946+0.074 0.92+0.111  0.887+0.093
validation SVM  Without six relative expressions 0.857+0.108 0.857+0.108 0.821+0.115 0.865+0.083
With six relative expressions 0.911+0.106 0911+0.106 0.884+0.126 0.932+0.093
MLP  Without six relative expressions 0.839+0.142 0.839+0.142 0.804+0.142 0.821+0.14
With six relative expressions 0.929+0.076  0.929+0.076 0.893+0.115 0.91+0.096

Data are shown as means + standard deviations

accuracy, precision, recall, and F1 scores were measured
to determine whether the predictive performance could be
improved when the six expression ratios were additional
input variables.

As a result, Table 3 and Fig. 5a show the performance
evaluation metrics of the proposed classifiers during eight-
fold cross-validation of the training data. Compared with
the models built using four genes (AridSa, Ier3, Stom, and
Lcpl), the overall performance metrics were better for all
models that included the four genes plus six expression
ratios. The accuracy of the logistic regression, random
forest, support vector machine, and multilayer percep-
tron models increased by 16.1%, 5.4%, 5.4%, and 8.9%,
respectively.

Moreover, the total evaluation index F1 scores were
improved by 17.5%, 6.8%, 5.8%, and 8.9%, respectively.
These metrics demonstrated minor variances during eight-
fold cross-validation. Furthermore, models that included
the four genes plus six ratios of expression achieved bet-
ter classification performance during external valida-
tion; their accuracies, recall rates, precision rates, and
F1 scores were improved by 14.3-21.5% (Fig. 5b). These
findings confirmed that the six expression ratios provided
additional temporal information, implying potential use
as biomarkers.

Discussion

Skin injuries and muscle contusions are common injuries
encountered in forensic practice due to the distribution
of skeletal muscles and skin tissues throughout the body.
Compared to skin tissues, skeletal muscles are less suscep-
tible to the external environment as they are not in direct
contact with the outside world. In forensic medicine, the
study of skeletal muscle injury time inference has gradually
increased [17-19]. Previous studies have shown that stand-
ard histological examination may not be able to determine
the time of the wound in the first few minutes or hours

after injury [20]. Indeed, the delay before polymorphonu-
clear neutrophil (PMN) infiltration ranges from 10 min to
4 h, making applying it widely in practice difficult [21].
Therefore, this study established a skeletal muscle contu-
sion model with a wound age of 24 h and explored the
expression changes of four mRNAs more suitable for the
early wound age at an initial stage after 4 h of survival,
providing a new idea for forensic injury time inference.

Wound vitality and progression have been widely inves-
tigated since the first reports by Raekallio using scientific
experiments in the 1960s [22-24]. Nowadays, it has come
from single biomarkers that were initially used; currently,
combinations of multiple biomarkers are under considera-
tion for diagnostic applications. For such combinations,
machine learning can be used to identify complex patterns.
Recently, using machine learning in forensic investigations
has shown great potential for wound age estimation. Bar-
ington et al. [25] established a partial least square predic-
tion model based on gene expression profiles, which could
determine porcine bruise age with a precision of +2 h. Pey-
ron et al. [26] performed multivariate logistic regression
to distinguish between vital and early postmortem wounds
using a combination of cytokines.

Although machine learning is a powerful approach for
diagnosis and prediction, prediction outcomes depend on
whether the data contain sufficient helpful information.
Generally, additional time-dependent markers provide more
significant temporal information for wound age estimation.
However, assessment of additional biomarkers often has
higher costs. Previous studies have explored changes in
ratio relationships for feature pair selection defined potential
ratio biomarkers [27, 28]. Thus, this study amid to explore
whether ratios of gene expression contained temporal infor-
mation and measure the discriminative ability of ratio fea-
tures for wound age estimation, which is the difference from
previous studies.

To our knowledge, this is the first description of ratio-
expression among genes associated with wound aging. In
this study, six expression ratios, calculated based on four
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Fig.5 Performance comparisons among models trained using the
expression data of four genes, alone and in combination with six
ratios of expression. a Accuracies and F1 scores of proposed predic-
tors during eightfold cross-validation. b Accuracies, precision rates,

wound-healing genes, exhibited time-dependent patterns
after injury. PCA showed that the samples clustered dis-
tinctly according to wound age based on the six expression
ratios, indicating temporal information distinct from the four
genes. When the six ratios of expression were added as a
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I With six relative expressions

recall rates, and F1 scores of external validation. Models without the
six ratios of expression are shown in blue; models with the six ratios
of expression are shown in red

new character input data of the machine learning algorithms,
the performances of four models predicting wound age were
improved. Overall, our results illustrated that six expression
ratios provide distinct temporal information and could be
used for wound age estimation.
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The following reason may be the additional ratio-expres-
sions that improve the accuracy of multi-indicator estimat-
ing injury time. First, genes exhibit distinct expression pat-
terns depending on their function during healing. The ratios
of expression levels among genes thus change over time
after injury and may provide specific temporal information.
Second, housekeeping genes are usually measured to nor-
malize the mRNA level of target genes. However, the results
will be biased due to the variability of the reference gene.
In present study, the heterogeneity of housekeeping genes
was eliminated by the ratio-expression of genes. Third, the
ratios of expression levels among genes offer the full exploi-
tation of the available data and magnify the slight difference
between the two genes.

In this study, the four wound-healing genes (AridSa,
Ter3, Stom, and Lcpl) had distinct expression profiles
associated with their different responses to injury. Com-
pared with genes that exhibit similar expression patterns,
genes that exhibit distinct patterns may be more suitable for
wound age estimation because they provide additional tem-
poral information. These four genes exhibit different func-
tions after injury, associated with distinct expression pat-
terns over time; these patterns determine the six ratios of
expression among the four genes, which provide additional
information for wound aging assessment. According to the
literature, Arid5a, which is in the nucleus under normal
conditions, translocates to the cytoplasm as a unique RNA-
binding protein to stabilize various inflammatory cytokine
mRNAs; it thus contributes to the inflammatory response
[29, 30]. Ier3, a key regulatory factor in the immune
response, is rapidly and transiently activated by numerous
stimuli, such as growth factors, cytokines (such as tumor
necrosis factor and IL-1b), ionizing radiation, viral infec-
tion, and other cellular stresses [31, 32]. Stom is a ubiqui-
tously expressed membrane protein presumed to complex
with ion channels, skeleton proteins, and transporters [33].
IL-6 has also induced Stom in a human amniotic cell line
[34]. Lcpl, an important B-actin-bundling protein, is pre-
dominantly found in leukocytes and is required for cell
migration; S-glutathionylation of Lcpl impairs chemotaxis,
polarization, and bactericidal activity in neutrophils [35].

Together, this study explored whether ratio-expressions
among genes provided distinct temporal information and
could be used for wound age estimation. The ratio-expres-
sion levels of four wound-healing genes (Arid5a, Ier3, Stom,
and Lcpl) were calculated. Expression pattern examination
and PCA showed that the six expression ratios provided
distinct temporal information that could enhance predic-
tion model performance, indicating the potential for use as
diagnostic markers. Therefore, combined assessment using
gene expression levels with the ratio-expressions among
those genes could improve time of injury estimations.

Conclusion

The gene ratios were calculated to obtain more indicators to
achieve a lower cost but more accurate estimation of wound
age, making it more likely to reach a higher generalization
ability. Although the ratio-expressions among genes show
good performance and great potential for application on rat
data, there remain translational challenges. Further studies
are required according to the limitations of animal experi-
ments. Next, we will collect human samples and apply these
results to real medicolegal cases.
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