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Investigating DNA methylation (DNAm) in cardiac tissues is vital for epigenetic research in 
cardiovascular diseases (CVDs). During cardiac surgery, biopsies may not be immediately stored due 
to a lack of human or technical resources at the collection site. Assessing DNAm stability in cardiac 
samples left in suboptimal conditions is crucial for applying DNAm analysis. We investigated the 
stability of DNAm in human cardiac tissues kept at 4 °C and 22 °C for periods of 1, 7, 14, and 28 days 
(exposed samples) using the Illumina Infinium MethylationEPIC v1.0 BeadChip Array. We observed 
high correlations between samples analysed immediately after tissue collection and exposed ones 
(R2 > 0.992). Methylation levels were measured as β-values and median absolute β-value differences 
(|∆β|) ranged from 0.0093 to 0.0119 in all exposed samples. Pairwise differentially methylated position 
(DMP) analysis revealed no DMPs under 4 °C (fridge temperature) exposure for up to 28 days and 22 °C 
(room temperature) exposure for one day, while 3,437, 6,918, and 3,824 DMPs were observed for 22 °C 
samples at 7, 14, and 28 days, respectively. This study provides insights into the stability of genome-
wide DNAm, showing that cardiac tissue can be used for reliable DNAm analysis even when stored 
suboptimally after surgery.
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DNA methylation (DNAm) is an epigenetic modification that involves the addition of a methyl group to the 
fifth carbon of the cytosine nucleobase. Typically, this process occurs at CpG sites, where a cytosine nucleobase 
is followed by a guanine. This dynamic and reversible process is mediated by two enzyme families: DNA 
methyltransferases and ten–eleven translocation methylcytosine dioxygenases1. Alterations in DNAm levels 
have been associated with cardiovascular diseases (CVDs). DNAm regulates various inflammatory genes and 
pathways correlated with CVD risk factors, such as atherosclerosis, inflammation, hypertension, and diabetes2–4. 
Blood is commonly used due to its easy accessibility and reflection of multiple metabolic and inflammatory 
pathways. However, DNAm is tissue-specific5,6, and analysis in cardiac tissue could provide further insight 
into CVD pathogenesis. Conducting DNAm studies on cardiac tissues from living individuals or postmortem 
is difficult due to the inaccessibility of such samples. Therefore, cardiac tissues from surgeries and autopsies 
are often stored for subsequent bulk analysis or retrospective studies. During surgery, the delay between 
tissue sample collection and the subsequent analysis or long-term storage can affect the stability of molecular 
markers7,8. Additionally, molecular analysis of postmortem cardiac tissues, which could provide insights into 
cases of Sudden Cardiac Death (SCD), may be affected by the Postmortem Interval (PMI) and the temperature to 
which the body was exposed before sample collection. While the stability of DNA9,10, RNA11,12, and proteins13,14 
has been extensively studied under different storage conditions and tissues, the DNAm stability is much less 
explored15–20. Studies have shown that DNAm remains stable in blood samples kept at -4 °C, -20 °C, and − 80 °C 
for years15,16. However, storing blood samples at room temperature longer than three days could compromise 
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DNAm stability17. Researchers investigated postmortem tissues with PMI for up to 72 h and found stable DNAm 
levels18,19, but the effect of longer PMI is still unknown.

Given the tissue-specific properties of DNAm and its possible impact on CVDs, it is essential to assess DNAm 
in cardiac tissue to ensure an unbiased downstream analysis and comparability between studies. However, 
research on DNAm stability is lacking. Therefore, we aimed to investigate the genome-wide DNAm stability in 
human cardiac tissue from surgeries exposed to different temperatures and time intervals. We tested the DNAm 
stability in cardiac tissue samples by keeping them in the fridge (4 °C) and at room temperature (22 °C) for up 
to 28 days before conducting genome-wide DNAm analysis using the Illumina Infinium MethylationEPIC v1.0 
BeadChip Array.

Materials and methods
Study design and population
Figure 1 illustrates the experimental design of this study. Right Atrial Appendage (RAA) tissues were collected 
from nine male patients undergoing cardiac surgery at the Department of Cardiothoracic Surgery, Rigshospitalet, 
Copenhagen, Denmark. Each RAA sample was sectioned into nine pieces (~ 3 × 3 × 3 mm). One sample piece 
was analysed immediately after tissue collection (reference sample), and the remaining eight pieces were stored 
in 2 ml Eppendorf tubes with 10 µl isotonic Phosphate-Buffered Saline (PBS) to maintain the osmotic and ion 

Fig. 1. Study design (created with Biorender.com).
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concentrations similar to those in the human body. The samples were placed in cardboard boxes and kept at 
4–22 °C for 1, 7, 14, and 28 days. The clinical characteristics of the nine patients who donated the cardiac samples 
are presented in Supplementary Table 1.

DNA preparation
DNA extraction from cardiac tissues was conducted using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, 
Germany), following the manufacturer’s guidelines. Subsequently, the DNA quality of each sample was assessed 
with the Quantifiler® Trio DNA Quantification kit (Thermo Fisher Scientific, Waltham, MA, USA) utilising the 
ABI 7900 instrument (Thermo Fisher Scientific, Waltham, MA, USA) and following the manufacturer’s protocol. 
The Degradation Index (DI), calculated as the ratio between the smaller and larger autosomal amplicons, was 
used to measure the DNA quality. The DNA (250 ng) was bisulfite-converted using the EZ DNA Methylation™ 
Kit (Zymo Research, Irvine, CA, USA) and eluted in 10 µl, following the supplier’s instructions.

DNA methylation profiling
Genome-wide DNAm was assessed using the Infinium MethylationEPIC kit v1.0 (Illumina, San Diego, CA, 
USA), which covers around 850 K CpG sites, following the manufacturer’s protocol. Samples were randomly 
distributed on the EPIC chips and chip positions (rows 1–8). The arrays were scanned using the iScan System 
(Illumina, San Diego, CA, USA) to obtain raw Intensity Data files (.idat). Due to the capacity limitations of the 
EPIC array kit, which accommodates a maximum of eight samples per array, three of our collected samples 
(Sample 3 exposed at 4 °C for 28 days, Sample 5 exposed at 4 °C for 28 days, and Sample 7 exposed at 22 °C for 
28 days) were not analysed. This decision was based on the consideration that acquiring an additional kit solely 
for these three samples was not cost-effective and would not significantly impact the overall conclusions of the 
study.

Data quality control
Data analysis was conducted in the R statistical environment (version 4.3.1)21, employing packages from the 
Bioconductor project (version 3.18). Raw idat files were imported into R and processed using the Bioconductor 
package SeSAMe (version 1.20.0)22. β-values and quality metrics were obtained using the SeSAMe function 
openSesame() with its default parameters (details in the package’s manual23). In brief, the selected pre-processing 
functions qualityMask(), inferInfiniumIChannel(), dyeBiasNL(), pOOBAH(), and noob() masked the probes of 
poor-quality design (105,454 probes) previously identified by Zhou et al.24 , inferred the channel of Infinium-I 
probes, corrected for dye bias, removed probes with low-quality signal (detection p-value ≥ 0.05), and 
implemented a background subtraction. Quality control (QC) was performed using the standard SeSAMe QC 
quality metrics. Based on these results, we decided to include the data from all the samples. The 59 SNP probes 
included in the EPIC array were used to verify the identity of the samples.

Correction of methylation microarray batch effects
To identify potential batch effects in the DNAm data, principal component analysis (PCA) was performed 
using the prcomp() function. The associations of the first 10 principal components (PCs) with technical and 
non-technical variables were evaluated using the plomix R-package25. For PCA and downstream analysis, only 
data from probes with no missing values in all investigated samples (657,859 probes) were used. Due to the 
observed correlations between PCs and technical variables, the dataset was normalised regarding chip ID and 
chip position. M-values were calculated from β-values using the formula M = log2((β)/(1-β))26 and normalised 
using the Combat() function from the sva package (version 3.50.0)27. Following normalisation, the M-values 
were converted back to β-values using the formula β = 2M/(2M + 1). PCA and association analysis were then 
rerun after batch correction. PCA plots were generated using the ggplot2 R-library (version 3.4.4).

Correlations analysis
The correlations between the reference samples and samples subjected to different times and temperatures 
(hereafter termed exposed samples) were calculated using squared Pearson correlation coefficients (R2) with the 
cor() function. To investigate the impact of time and temperature on different DNAm levels, we calculated R2 
using subsets of the data: CpG sites with β ≤ 0.333, 0.333 < β < 0.666, and β ≤ 0.666. A paired t-test was applied 
to compare R2-values between temperatures at each time point. P-values were adjusted for multiple testing using 
the R function p.adjust() and applying the Benjamini-Hochberg method28 to control the False Discovery Rate 
(FDR) at a threshold of p = 0.05.

The absolute differences in beta values (|∆β|) between the reference and exposed samples were calculated for 
all CpG sites. The median, interquartile range (IQR), and percentage of CpG sites with |∆β| ≥ 0.05 and 0.1 were 
calculated from the distribution of |∆β| per sample. Cumulative frequency plots were generated using the ggplot2 
function stat_ecdf().

Differentially methylated positions
Differentially methylated positions (DMPs), also known as differentially methylated loci (DML), were detected 
using the SeSAMe DML() function. Two different approaches were used in the DMP analyses: (1) pairwise 
comparisons between the reference and exposed samples, and (2) two linear regression models for 4 and 22 °C, 
respectively, with time as a continuous variable to identify systematically deviating CpG positions indicating 
hypo- and hyper-methylation with increased storage time (Supplementary Fig. 1). Multiple testing correction of 
p-values was carried out using the R function p.adjust(), applying the Benjamini-Hochberg method28.
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The criteria for defining DMPs was an adjusted p-value < 0.05 and a |∆β| > 0.1. Specifically, in the pairwise 
comparison (approach 1), DMPs with changes in β-values were identified using |∆β| thresholds of 0.1 (10%), 
0.2 (20%), and 0.3 (30%). In approach 2, the detection of DMPs was based on the model slope coefficient. The 
threshold to identify DMPs was calculated by multiplying the slope coefficient with the maximum number of 
days (28 days). A slope coefficient of 0.0035, corresponding to a |∆β| of ~ 0.1 between day 0 (reference sample) 
and day 28 (|slope| * days = 0.0035 * 28 = 0.098), was used as threshold.

We additionally performed a DMP analysis using non-ComBat corrected data and M-values, with chip ID 
and chip position as covariates, to validate the robustness of our initial results using ComBat corrected data.

Differentially methylated positions annotated to cardiac genes, CpG island, and 
gene context
DMPs were annotated to cardiac genes using the annotation file developed by Zhou et al. (GENCODEv36)29. 
Subsequently, genes were filtered based on a curated list of cardiac genes linked to (likely) pathogenic genetic 
variants (Supplementary Table 2). This list contains genes associated with “Cardiovascular” and “Cardiovascular 
metabolic” phenotypes from The American College of Medical Genetics and Genomics (ACMG) SF v3.2 list30. 
Relationship to CpG island was assigned to each DMPs using the Illumina EPIC annotation file with the R/
Bioconductor annotation package IlluminaHumanMethylationEPICanno.ilm10b4.hg19 (version 0.6.0). Gene 
context annotation was performed using the R/Bioconductor packages TxDb.Hsapiens.UCSC.hg19.knownGene 
(version 3.2.2) and ChIPseeker (version 1.38.0)31.

Results
To study the stability of DNAm levels in cardiac tissue samples, we investigated genome-wide methylation levels 
in RAA samples kept at 4 °C and 22 °C and various time intervals (1, 7, 14, and 28 days) and compared the results 
to those obtained from RAA samples analysed immediately after tissue collection (reference RAA samples).

QC and correction of methylation microarray batch effects
Supplementary Figs. 2–5 show QC metrics. The number of detected CpG sites ranged from 773,844 to 856,313 
(median: 848,287), and the bisulfite conversion efficiency ranged from 0.992 to 1 (median: 0.998). DI was 
calculated for all samples to assess DNA quality; however, no statistically significant difference was found 
between the reference and exposed samples (data not shown). We employed PCA in combination with linear 
models to evaluate the association between variation in the data with two technical variables (chip ID and chip 
position) and four non-technical variables (time, temperature, age, and individual). Supplementary Fig. 6A-C 
shows PCA and correlation analyses of PC1-10 with time, temperature, individual ID, age, chip ID, and chip 
position before batch correction. Chip ID and chip position were correlated with the PCs of the dataset (R2 of 
0.301 and 0.584 for chip ID and chip position, respectively). Therefore, a methylation data correction for chip 
ID and chip position was conducted (batch correction). After methylation data correction, we eliminated the 
effct of chip ID and chip position (Supplementary Fig. 6D-F). We found that time, temperature, and individual 
ID had the highest correlation with the genome-wide DNAm variation (R22 of 0.321 and 0.166 for temperature 
and time, respectively).

Correlation of methylation levels between reference and exposed samples
We calculated paired R2 of β-values between the reference and exposed samples (Fig.  2 and Supplementary 
Table 3). All exposed samples exhibited high correlations (R2 > 0.984) with the reference samples. The median 
R2 values at 4 °C were consistently high over time, with R2 = 0.996 on day 1 and 0.995 on days 7, 14, and 28. At 
22 °C, median R2 values were slightly lower, starting with R2 = 0.995 on day 1, followed by 0.992 on days 7 and 
14, and 0.993 on day 28. We further calculated R2 in different β-value intervals (β ≤ 0.333, 0.333 < β < 0.666, and 
β ≤ 0.666). The R2 values were lower in the intermediate β-value interval (0.333 < β < 0.666) than in the extreme 
intervals (β ≤ 0.333 and β ≥ 0.666) (Supplementary Fig. 7). All correlation tests had an adjusted p-value below 
0.05 (data not shown).

Pairwise absolute β-value differences (|∆β|) between reference and exposed samples were calculated for all 
CpG sites. Table 1 provides quantile metrics of the |∆β| and the percentage of CpG sites with |∆β| higher than 
0.05 and 0.1 for all exposed samples. The lowest median and IQR values were found for samples kept at 4 °C for 
one day (Median = 0.0093, IQR = 0.0175). Samples kept at 22 °C for 7, 14, and 28 days showed higher median, 
IQR, and percentage of CpG sites with a |∆β| greater than 0.05 and 0.1 compared to those stored at 4 °C for the 
same duration. Supplementary Fig. 8 shows cumulative plots for |∆β| for the different conditions. The cumulative 
frequency curve of samples kept at 4 °C for one day increased more rapidly than the other exposed samples, 
indicating an overall lower |∆β| for 4 °C on day one compared with the other exposed samples. Samples kept at 
22 °C for 7, 14, and 28 days increased less rapidly than all other conditions. Supplementary File 1 contains the 
|∆β| for each CpG site detected with the EPIC v1.0 array for all time and temperature conditions.

We further investigated |∆β| in CpGs using β-value intervals of 0.1 (Fig. 3 and Supplementary Table 4). We 
observed higher median |∆β| values and IQR for β-values between 0.1 and 0.9 than for the extreme β-values 
intervals (0.0-0.1 and 0.9-1.0). Samples kept at 22 °C for 7, 14, and 28 days exhibited higher |∆β| median and 
IQR values than those kept at 4 °C for all time intervals and 22 °C for one day. This difference was particularly 
evident for intermediate β-values.

Differentially methylated positions
We conducted a DMP analysis to estimate the number of DMPs and detect systematic hypo- and 
hypermethylation DNAm changes with increasing time. DMPs were defined by a threshold of |∆β| > 0.1 and 
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an adjusted p-value < 0.05. However, we also report the number of probes with |∆β| < 0.1, as some studies may 
apply lower thresholds to detect DNAm changes. Two different approaches were used for the DMP analysis. In 
the first approach, pairwise comparisons were made between the reference and exposed samples. The number of 
DMPs identified from this analysis is presented in Table 2. No DMPs were found between the reference samples 
and samples kept at 4 °C. Only three probe in samples kept at 4 °C for 14 days was statically different from the 
reference samples, however, the |Δβ| was lower than 0.1. Samples kept at 22 °C for 7, 14, and 28 days had total 
numbers of probes with |Δβ| lower than 0.1 of 46,694, 68,206, and 42,252, respectively. However, when using a 
|∆β| threshold of 0.1, the number of DMPs at 22 °C decreased drastically to 3,432 DMPs at day 7, 6,889 DMPs at 
day 14, and 3,782 DMPs at day 28. When increasing the |Δβ| threshold to 0.2, we found 3, 28, and 40 DMPs on 
days 7, 14, and 28, respectively. Finally, with a |Δβ| threshold of 0.3, only 2, 1, and 2 DMPs were found at 22 °C 

Temperature Time (days) Q2 (Median) IQR |Δβ| ≥ 0.05 (%) |Δβ| ≥ 0.10 (%)

4 °C 1 0.0093 0.0175 4.92 0.30

4 °C 7 0.0103 0.0197 6.68 0.46

4 °C 14 0.0104 0.0200 7.24 0.63

4 °C 28 0.0101 0.0193 6.60 0.50

22 °C 1 0.0099 0.0189 6.03 0.38

22 °C 7 0.0121 0.0252 11.61 1.43

22 °C 14 0.0115 0.0246 11.80 1.95

22 °C 28 0.0119 0.0250 11.65 1.68

Table 1. Absolute β-value differences (|∆β|) between reference and exposed samples. IQR = Interquartile 
range.

 

Fig. 2. Paired squared Pearson correlation coefficients (R2) between the reference and exposed sample. *: 
p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001; ns: not significant.
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for days 7, 14, and 28. Samples kept at 22 °C for one day did not result in any DMP. We also performed DMP 
analysis using raw data and M-values, with chip ID and chip position included as covariates. No statistically 
significant probes were identified for samples kept at 4 °C across the different time points, nor for samples kept 
at 22 °C for 1 day. However, we identified 24,299, 83,181, and 12,764 statistically significant probes for samples 
stored at 22 °C for 7, 14, and 28 days, respectively. Venn diagrams showing the overlapping probes between the 
two methods used are shown in Supplementary Fig. 9.

The second approach aimed to find CpG sites showing a decreasing or increasing trend in methylation levels 
over time. We employed a linear regression model for each temperature with time as a continuous variable. 
An absolute slope coefficient (|β|) threshold of 0.0035 was used to measure a minimum |Δβ| of 0.1 between 
the reference and day 28 samples. Table 3 displays the number of DMPs with statistically significant p-values 
(< 0.05). For the 4 °C samples, only six DMPs had a minimum |Δβ| of 0.1. Half of them were hypermethylated, 

|β| 4 °C 22 °C

|β| > 0 1,719 (566+; 1,153-) 14,324 (4325+; 9,999-)

|β| > 0.0035 6 (3+; 3-) 165 (69+; 96-)

|β| > 0.007 0 0

Table 3. Number of differentially methylated CpG positions showing hypo- or hypermethylation over time for 
tissues kept at 4 °C and 22 °C. +: Hypermethylation. -: Hypomethylation.

 

|Δβ|

4°C 22°C 

Day 1 Day 7 Day 14 Day 28 Day 1 Day 7 Day 14 Day 28

|Δβ| > 0 0 0 1 (1+) 0 0 46,694 (12,360+; 34,334−) 68,206 (19,480+; 48,726−) 42,252 (11,388+; 30,864−)

|Δβ| > 0.1 0 0 0 0 0 508 (272+; 236−) 1588 (534+; 1054−) 488 (196+; 292−)

|Δβ| > 0.2 0 0 0 0 0 1 (1+) 3 (2+; 1−) 1 (1+)

|Δβ| > 0.3 0 0 0 0 0 0 1 (1+) 1 (1+)

Table 2.. Numbers of differentially methylated CpG positions in reference and exposed samples +: 
Hypermethylation. −: Hypomethylation.

 

Fig. 3. Absolute β-value differences (|∆β|) between reference and exposed samples, subdivided into β-value 
intervals of 0.1.
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and the other half were hypomethylated. For the 22 °C samples, 165 DMPs had at least a |Δβ| of 0.1, 69 showed 
hypermethylation, while 96 showed hypomethylation.

Applying a higher slope coefficient threshold of 0.007, corresponding to a 0.2 DNAm change between 
the reference and day 28 samples, resulted in no DMP for both 4 °C and 22 °C. Supplementary Fig. 10 shows 
scatterplots of the four DMPs (cg06088745, cg06878649, cg07658449, and cg13044675) showing the largest 
change in DNAm levels between the reference and day 28 samples at 22 °C.

We investigated the genomic distribution of DMPs in Table 2 and observed an enrichment of CpGs in open 
sea regions (Supplementary Fig. 11A), while the proportion of DMPs within gene contexts remained consistent 
with the proportion observed for all CpG analysed (Supplementary Fig. 11B).

Differentially methylated positions annotated to cardiac genes
A total of 2,257 CpG sites detected with the EPIC v1.0 array were annotated to CVD genes necessitating the 
reporting of secondary findings in genetic analyses (see Materials and Methods for more details). For approach 
1, we found no DMP in CVD genes for samples kept at 22 °C for one day. For days 7, 14, and 28 at 22 °C, we 
observed 226, 278 and 140 DMPs linked to CVD genes, respectively. When we applied a |Δβ| threshold of 0.1, 
we observed only one DMP in CVD genes for day 7 and four DMPs for day 14. These four DMPs were associated 
with PRKAG2, MYL2, FBN, and LDLR (Supplementary Table 5).

For approach 2, none of the DMPs were associated with CVD genes (Supplementary Table 6).

Discussion
DNAm is an epigenetic mechanism that regulates gene expression and influences various biological processes 
and disease pathogenesis32. Given the tissue-specific nature of DNAm5,6, analysis of DNAm in cardiac tissue 
may offer unique insight into cardiac biology and diseases compared to the commonly used analyses of DNA 
obtained from blood. However, cardiac samples are difficult to obtain. Biopsies from cardiac surgery are not 
always analysed or stored appropriately immediately after collection due to a lack of human or technical 
resources at the collection site. We showed that DNAm is stable in improperly stored cardiac tissues and that it 
can be reliably analysed. Temperatures affected DNAm analysis more than time. We found the lowest β-value 
correlations between reference samples (samples analysed immediately after tissue collection) and those kept at 
22 °C for 7, 14, and 28 days (median R2-values: 0.992, 0.992, and 0.993, respectively). However, all the correlations 
were still high, and the R2-values were comparable to those obtained by Christiansen et al.33 , who reported high 
within-laboratory reproducibility of DNAm examinations (median R2: 0.993). We employed the absolute β-value 
differences (|∆β|) between the reference and exposed samples to assess how much β-values deviated with time 
and temperature. We found median |∆β| between 0.0093 and 0.0119, indicating a low deviation from the original 
β-values. We observed that |∆β| were higher within intermediate β-value ranges (0.1–0.9) than in the extreme 
ranges (0-0.1 and 0.9-1.0) in all exposed samples. These observations suggest a reduced consistency of DNAm 
measurements in CpG sites with an intermediate methylation state (not fully methylated nor unmethylated). 
A similar increased variability between replicate analyses of the intermediate methylation states with the EPIC 
v1.0 array was previously described33. This indicates that the increased variation in DNAm in the intermediate 
β-value range is an in vitro phenomenon most likely caused by the EPIC v1.0 array. Our results also showed that 
the intermediate β-values are more sensitive to environmental conditions, including increasing temperature, as 
the samples exposed to 22 °C exhibited higher |∆β| for the intermediate β-values than those exposed to 4 °C. A 
relatively high impact of room temperature (22 °C) after one day of exposure was also demonstrated in the DMP 
analysis. Our findings showed that samples kept at 4 °C for up to 28 days did not show differential methylation, 
while the effect on the DMP analysis varied with the duration of exposure at room temperature. Single-day 
storage generated no DMP, while extended storage periods (7, 14, and 28 days) led to the observation of DMPs. 
We also found systematic hypo- and hypermethylation in some DMPs in the exposed samples. However, these 
DMPs were not associated with any CVD-associated genes.

Our data suggest that cardiac samples collected from cardiac surgery and not immediately stored at -20 °C 
and − 80 °C could still be used for DNAm analysis. When the samples were stored in the fridge (4 °C) for up to 28 
days, the DNAm analysis was still reliable, and significant changes in DNAm were not observed. Cardiac samples 
kept at room temperature showed increasingly different β-values with increasing time elapsed from sample 
collection to DNAm analysis. After one day at room temperature, cardiac samples showed results comparable to 
those of samples analysed immediately after tissue collection. Short-term DNAm stability at room temperature 
was also found by Staunstrup et al.34 using DNA immunoprecipitation coupled with deep sequencing in blood 
samples. However, we found differentially methylated CpG positions in cardiac tissue stored from day seven 
to 28 at 22 °C. These results are similar to those obtained by Huang et al.17, who observed alteration in DNAm 
in blood samples kept at room temperature for more than three days. Nevertheless, storing biopsies at room 
temperature for extended periods is uncommon in cardiac surgery settings.

Further efforts should focus on determining the precise cause of β-value deviations in cardiac samples kept 
at room temperature for more days, i.e. if it is due to cleavage of DNA chains, chemical changes in cytosine 
nucleotides, etc.

An alternative method for long-term tissue preservation is formalin-fixation followed by paraffin-embedding 
(FFPE), primarily used for histological examination. FFPE decreases the DNA quality and probe success rate, 
and genome-wide DNAm levels are overestimated in cardiac tissue compared to fresh or frozen cardiac tissue20. 
Furthermore, FFPE samples need additional laboratory steps to recover DNA. Therefore, it is advisable to 
avoid the FFPE method, and cardiac samples should be kept under suboptimal conditions (fridge and room 
temperature) as short as possible to obtain DNAm values comparable to those of fresh and frozen samples.

Underlying cardiac diseases cause SCD, and molecular investigations of postmortem cardiac tissue may be 
one of the keys to revealing the cause of death35–37. Previous studies showed that DNAm is stable in postmortem 
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human brain tissue for 72 h18,19. Our study indicates that DNAm stability is time- and temperature-dependent. 
This information is relevant to DNAm analysis of postmortem cardiac tissue from deceased individuals who 
may have been exposed to prolonged PMIs at room temperature before being brought to the morgue that usually 
have a storage temperature of approximately 4 °C. The biological events caused by the death of an individual 
may alter the DNAm landscape in a specific manner. Therefore, future studies should focus on studying DNAm 
stability in postmortem samples subjected to different PMI.

In conclusion, the data showed that the results of DNAm examination of cardiac tissue stored for one day at 
22 °C and 28 days at 4 °C were similar to those obtained from fresh cardiac tissue. Minor changes in DNAm were 
found in cardiac tissue stored at 22 °C for seven days or more.

Data availability
The datasets are available from the corresponding authors upon reasonable request.
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