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ABSTRACT
The Infinium MethylationEPIC BeadChip (EPIC) is a reliable method for measuring the DNA 
methylation of more than 850,000 CpG positions. In clinical and forensic settings, it is critical to 
be able to work with low DNA amounts without risking reduced reproducibility. We evaluated the 
EPIC for a range of DNA amounts using two-fold serial dilutions investigated on two different 
days. While the β-value distributions were generally unaffected by decreasing DNA amounts, the 
median squared Pearson’s correlation coefficient (R2) of between-days β-value comparisons 
decreased from 0.994 (500 ng DNA) to 0.957 (16 ng DNA). The median standard deviation of 
the β-values was 0.005 and up to 0.017 (median of medians: 0.014) for β-values around 0.6–0.7. 
With decreasing amounts of DNA from 500 ng to 16 ng, the percentage of probes with standard 
deviations ≤ 0.1 decreased from 99.9% to 99.4%. This study showed that high reproducibility 
results are obtained with DNA amounts in the range 125–500 ng DNA, while DNA amounts equal 
to 63 ng or below gave less reproducible results.
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Introduction

DNA methylation is an epigenetic mark of tran
scriptional regulation [1]. In humans, the chemical 
addition of a methyl group to the DNA most often 
occurs at cytosines, followed by guanines (CpG 
sites). There are 28 million CpG sites in the 
human genome [2]. Several diseases, such as 
imprinting disorders and different kinds of cancer, 
are associated with changes in CpG methylation 
[3–5]. Since DNA methylation alterations are asso
ciated with many diseases, there is a great interest 
in profiling DNA methylation to improve diagno
sis, prognosis, and treatment.

Genome-wide DNA methylation can be investi
gated using different bisulphite based methods 
including whole-genome bisulphite sequencing 
(WGBS) and methylation arrays [6]. WGBS covers 
all CpG positions in the human genome, while 
methylation arrays cover a fraction of the positions 
for a considerably lower price per sample. The 

most recent methylation array by Illumina, the 
Infinium MethylationEPIC BeadChip (EPIC), is 
designed for genome-wide investigations of DNA 
methylation of more than 850,000 CpG positions 
corresponding to approximately 3% of all the CpG 
positions. The reproducibility of the results is high, 
and the results correlate well with those obtained 
with Illumina’s HumanMethylation450 array 
(450 K) and WGBS [7,8].

Imprinting disorders are characterized by gene 
dysregulation and aberrant DNA methylation pat
terns at disease-specific loci [3]. While imprinting 
disorders may be diagnosed only by investigating 
specific loci, diagnostic tests of other diseases may 
require genome-wide methylation profiles. DNA 
methylation alterations in cancer cells often affect 
many loci throughout the genome [2,9]. EPIC and 
450 K arrays are used to generate methylation 
profiles for a recently developed tumour classifier, 
which has been shown to improve treatment by 
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reassigning the tumours to a different subtype in 
up to 12% of the cases [10].

DNA methylation has gained increased interest 
in forensic genetics. DNA methylation can poten
tially be used to identify the cellular origin of trace 
samples, distinguish monozygotic twins, and pro
vide information of the suspect that left a trace 
sample, including age, smoking, alcohol intake, 
drug abuse, and body shape [11].

In clinical, forensic, and research investigations of 
DNA methylation, it is critical to be able to work 
with samples with low amounts of DNA, like trace 
samples in forensic genetics. Up to 550,000 single 
nucleotide polymorphisms have been genotyped 
using array technology with only a few ng of DNA 
[12]. However, most hybridization based methods 
require around 250–500 ng DNA. An important 
reason for the need for large amounts of DNA is 
that the bisulphite conversion process destroys 
approximately 90% of the DNA. It is rarely challen
ging to obtain enough DNA from peripheral blood 
in the clinical setting. However, sampling sufficient 
amounts of solid tissue may be a challenge. 
Therefore, it is of great interest to know the repro
ducibility of the assay for low DNA amounts. The 

use of different DNA amounts for both 450 K and 
EPIC has been investigated previously but with 
other experimental designs and analyses than those 
presented in this study [13,14].

We investigated the within-laboratory reprodu
cibility of the EPIC array for a range of DNA 
amounts by two-fold serial dilutions of DNA start
ing with 500 ng DNA. The distribution of signal 
intensities measured as arbitrary fluorescent units 
(AFU) by the iScan™ system and methylation 
values were compared among different DNA 
amounts. The between-days correlations of β- 
values were investigated using the squared 
Pearson’s correlation coefficient (R2), and the 
between-days β-value variability was evaluated 
using the standard deviation (SD) and coefficient 
of variation (CV).

Materials and methods

Design of the study

Figure 1. shows the design of the study. The 
experiments were performed on two different 
days, which are referred to as ‘Day 1’ and ‘Day 

Figure 1. Study design Blood samples were collected from five female individuals. The DNA was extracted and two-fold serially 
diluted to 500 ng, 250 ng, 125 ng, 63 ng, 32 ng, and 16 ng DNA. The DNA was sodium bisulphite treated and investigated using the 
Illumina Infinium MethylationEPIC BeadChip Kit. Created with BioRender.com.
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2.’ The extracted DNA was stored at −80°C with 
approximately six months between the two inves
tigations. The locations of the samples on the 
slides are shown in Figure S1.

Blood samples and DNA preparation

Peripheral blood from five females was collected in 
EDTA and stored at −80°C until DNA extraction. The 
DNA was extracted using the DNeasy Blood & Tissue 
Kit (Qiagen) following the manufacturer’s recom
mendations for the purification of total DNA from 
whole blood. The DNA concentrations were mea
sured using the Qubit dsDNA HS Assay Kit 
(Thermo Fisher Scientific). Two-fold serial dilutions 
of DNA were performed twice using nuclease-free 
water to obtain samples with the following theoretical 
DNA amounts: 500 ng, 250 ng, 125 ng, 63 ng, 32 ng, 
and 16 ng. The bisulphite conversion of DNA was 
performed using the EZ DNA Methylation™ Kit 
(Zymo Research) following the manufacturer’s 
recommendations with a final elution volume of 10 µl.

Measurement of DNA methylation

The samples were analysed using the Infinium 
MethylationEPIC Kit (Illumina) following the 
manufacturer’s recommendations. Briefly, the 
bisulphite treated DNA was amplified using 
whole-genome amplification before fragmentation 
and precipitation. The resuspended DNA was sub
sequently hybridized to probes attached to the 
BeadChips, and the unhybridised DNA was 
removed. Thereafter, the attached probes were 
subject to single-base extension and stained. The 
BeadChips were scanned using the iScan™ system 
(Illumina) following the manufacturer’s 
recommendations.

Data analysis

The data analysis was performed in the statistical 
environment R (version 3.6.0) using the tidyverse 
packages (version 1.3.0) 15. Bead counts were 
obtained using the illuminaio package (version 
0.34.0) [16]. Raw .idat files were imported into 
R using the minfi package (version 1.32.0) 
[17,18]. MethylAid (version 1.20) [19] was used 
to identify poorly performing samples and analyse 

the results of the sample-independent controls 
(staining, extension, target removal, and hybridi
zation controls) and sample-dependent controls 
(bisulphite conversion of type I and II probes, 
specificity of type I and II probes, nonpoly
morphic, and negative controls) as described in 
the Infinium® HD Assay Methylation Protocol 
Guide (15019519 v01).

The default threshold values of MethylAid were 
used to evaluate the performance of the sample- 
dependent and sample-independent controls posi
tioned on the BeadChip. The threshold values 
were 10 for the median methylated vs. unmethy
lated signals, 12 for the overall quality control, 
11.75 for the bisulphite conversion efficiency, 
12.75 for the hybridization value, and 0.95 for 
the mean detection p-value. All quality checks 
had to be accepted to allow sample inclusion. 
The identities of the samples were checked using 
the 59 identification SNPs of the EPIC array. The 
heatmap and dendrograms (Figure S2) were visua
lized using pheatmap (v. 1.0.12) using the 
Euclidian distance and complete clustering.

The red and green signal intensity measures from 
the iScanTM were converted into unmethylated and 
methylated signals using the preprocessRaw() fol
lowed by the getUnmeth() and getMeth() functions 
in minfi. The data analysis of the signal intensities 
was performed for all 866,091 positions. The β- 
values were calculated as indicated in equation 1 
with α = 0 except in the test of using α = 100.

β ¼
methylated signal

unmethylated signal þmethylated signal þ α
(1) 

The α-value is an arbitrarily selected value that is 
often set to 100 to avoid data that are difficult to 
handle. By using an α-value of 100, the β-value is, 
however reduced. β-values of positions with zero 
intensities of methylated or unmethylated signals 
were excluded for further analysis. Results of 4,534 
probes were removed due to the lack of signal. The 
β-values of the remaining 861,557 methylation 
positions were analysed.

Pearson’s correlation coefficient was calculated 
to estimate the correlation between the technical 
replicates and among the different DNA amounts. 
R2 was reported in the analyses since this value 
explains the fraction of systematic variation 
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between two variables. The between-days variabil
ity of the β-value of each position was evaluated 
using both the SD and the CV. The methylation 
data analyses were visualized using ggplot2 (v. 
3.3.2). The density plots were generated with den
sity estimates based on a Gaussian kernel with 
default settings and plotted using geom_density(). 
The overlapping histogram was plotted using 
geom_histogram() with the density at the ordinate. 
Scatter plots were visualized using geom_bin2d() 
with the counts represented in each bin among 
500 × 500 bins. Dot plots were visualized using 
geom_point(). Violin plots overlapped by 25th per
centiles, medians, and 75th percentiles were made 
using geom_violin(). The distribution of the varia
bility was visualized using geom_line().

Results

Quality control

All samples except one (Individual D, 500 ng, 
Day 2) passed the MethylAid quality control. 
For that particular sample, the calculated values 
were below the threshold values for all sample 
dependent and sample-independent controls 
except for the hybridization control. All 
remaining samples passed the sample identity 
control using the 59 identification SNPs 
(Figure S2).

Distribution of signal intensities

The methylated and unmethylated signal inten
sities showed two slightly different distributions 
with two sets of peaks (Figure S3). The first set 
of peaks at approximately 1,000 AFU was high
est for small DNA amounts, while the second 
set of broader peaks around 8,000 AFU showed 
the highest densities for high DNA amounts. 
The density distribution of the unmethylated 
signal intensities was similar except for 
a plateau instead of a peak at 8,000–18,000 
AU. There was a relationship between the 
DNA amount and the signal distributions with 
a sequential decrease in the density of the high
est signal intensities with each reduction of the 
DNA amount.

β-value distribution

The β-values of CpG positions with low signal 
intensities should, in theory, be relatively more 
affected by α-values above 0 than positions with 
high signal intensities (Equation 1). We compared 
the β-values when using α equal to 0 and 100, 
respectively, for high and low DNA amounts 
(Figure S4). The maximal β-values for positions 
with total signal intensities below approximately 
12,500 AFU were reduced for both samples with 
high (250 ng) and low (16 ng) amounts of DNA 
when α = 100 was used instead of α = 0. We 
decided to calculate the β-values with α = 0 since 
the use of α = 100 artificially reduced the maximal 
β-values. In total, 4,534 positions were removed in 
this part of the analysis because no methylated or 
unmethylated signal was measured.

Figure 2 shows the density plots of the β- 
values with different amounts of DNA from 
five individuals. The plots are supplemented 
with a histogram of the β-values and the corre
sponding density plot of the β-values (Individual 
A, 500 ng, Day 1). The density plots revealed no 
systematic difference between the β-values with 
different DNA amounts for any individual.

Between-days correlations of β-values with 
different DNA amounts

All samples were investigated twice on different 
days to evaluate the between-days correlation of 
the β-values. The results obtained for individual 
A is shown as a representative example 
(Figure 3; Figure S5-8). Decreasing DNA 
amounts were associated with increased disper
sion around the identity line (45°). This was 
most pronounced for high β-values. A gradual 
decrease in median R2 from 0.994 to 0.957 was 
observed with decreasing DNA amounts from 
500 ng to 16 ng (Figure 4).

The β-value correlations among different DNA 
amounts investigated on the same day were ana
lysed (Figure S9; Table S1). The correlations 
between the β-values obtained from samples with 
high amounts of DNA (125 ng, 250 ng, and 500 ng 
DNA) were, in general, high with median R2 of 
0.994, 0.991, and 0.991, respectively, for the 
mutual comparisons. The correlation coefficients 
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were lower among samples with low amounts of 
DNA (16 ng, 32 ng, and 63 ng DNA) with median 
correlation coefficients of 0.979, 0.962, and 0.961 
for the mutual comparisons, respectively. There 
was a clear association between decreasing 
amounts of DNA and the decrease in R2 

(Table S1).

Variabilities of β-values with various DNA 
amounts
The between-days variabilities of β-values were 
calculated as the SD and the CV. The decrease in 
DNA amount was associated with an increase in 
the SD and CV (Figure 5). The percentage of 
probes with SD ≤ 0.1 was decreased from 99.9% 

Figure 3. Between-days correlations of β-values of a representative individual. Scatter plots of β-values obtained on two different 
days with 500 ng (a), 250 ng (b), 125 ng (c), 63 ng (d), 32 ng (e), and 16 ng (f) DNA, respectively, from individual A.

Figure 2. Histogram and density plots of β-values The representative example shows a histogram of β-values overlaid with 
a density plot for a single sample with 500 ng from Individual A. The remaining density plots were obtained using various amounts 
of DNA from five individuals investigated twice on different days. All density estimates were based on a Gaussian kernel.
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to 99.4% with decreasing amounts of DNA from 
500 ng to 16 ng. The percentage of probes with CV 
≤ 0.1 was decreased from 84.6% to 67.2% with 
decreasing amounts of DNA from 500 ng to 16 ng.

The variability measures, SD and CV, of β-the 
values varied with the β-values. Hence, the β- 
values were grouped into intervals of 0.10 to 
evaluate the variabilities (Figure 6). The SDs 
were lowest in the intervals [0.0–0.1] (median 
of medians: 0.006; range of medians: 0.005– 
0.006) and the interval [0.9–1.0] (median of 
medians: 0.011; range of medians: 0.009–0.013) 
(Figure 6a; Table S2) and highest in the interval 

[0.6–0.7] (median of medians: 0.019; range of 
medians: 0.014–0.039). Among all intervals, the 
median SDs ranged from 0.005 to 0.017 (median 
of medians: 0.014) in samples with 125–500 ng 
DNA, while the median SDs ranged from 0.006 
to 0.039 (median of medians: 0.021) in samples 
with 16–63 ng DNA (median of medians: 0.021) 
(Table S2).

The CVs of the β-value intervals decreased 
from the interval [0.0–0.1] (median of medians: 
0.148; range of medians: 0.135–0.166) to the 
interval [0.9–1.0] (median of medians: 0.012; 
range of medians: 0.010–0.014) (Figure 6b; 

Figure 5. Distributions of the variabilities of the β-values of the probes investigated with various amounts of DNA on two different 
days.

Figure 4. Between-days correlations of β-values of all individuals. The squared Pearson’s correlation coefficient between β-values 
obtained with various amounts of DNA from five individuals, respectively, investigated twice on different days.
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Table S3). The CV was increased with decreasing 
DNA amounts. This tendency was most pro
nounced in the midrange intervals.

Discussion

The lack of adequate amounts of DNA from 
samples is a common challenge in forensic 
genetic investigations and diagnostic labora
tories using scarce amounts of tissue and 
blood. In this study, we investigated the use of 
small DNA amounts extracted from blood for 
examination with the EPIC array to evaluate 
the performance when only limited DNA 
amounts are available. Illumina recommends 
using ≥ 250 ng DNA (Infinium HD 
Methylation assay workflow for fresh/frozen 

versus FFPE samples, 2020.02.18). We decided 
to use twice that amount since many studies 
were performed with higher DNA amounts 
[7,8,20,21]. Our results showed that decreasing 
DNA amounts affected the raw signal intensi
ties but barely changed the β-value distribu
tions. In contrast, the between-days correlation 
and variability were affected to a great extent.

The investigated dilution series were made from 
the same DNA extractions. The experimental pro
cedures were conducted six months apart 
[Figure 1]. Bulla et al. [22] showed that the differ
ence in DNA methylation of EDTA stabilized 
blood samples stored for up to one year at −80°C 
was < 1%. We assumed that the storage effect on 
DNA methylation in our experimental setup 
would be at a similar, low level.

Figure 6. Between-days variabilities of β-values Violin plots of the between-days standard deviations (SD) (a) and coefficients of 
variation (CV) (b) of all β-values of DNA from five individuals. The SD and CV values were calculated for β-value intervals of 0.10. The 
horizontal lines within the violins indicate the upper quartiles, medians, and lower quartiles, respectively.
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Normalization and probe removal during 
methylation array data processing is a common 
procedure to address, e.g., unbalanced gender dis
tribution, common genetic variation, or poorly 
performing probes [23]. We applied a simple 
data processing approach without normalization 
and probe filtration in contrast to previous inves
tigations of different DNA amounts [13,14].

We used an α-value equal to 0 for the β-value 
calculation since the α-value may be unnecessary 
in many preprocessing pipelines [24]. 
Additionally, an α-value equal to 100 may spur
iously reduce the β-values of positions with low 
signal intensities (Figure S4). Simple data proces
sing was performed to conduct a transparent and 
unbiased evaluation of the kit. However, we are 
also well aware that the methylation measurements 
for each individual would most likely have been 
more correlated if normalization and probe filter
ing had been performed. The simple data proces
sing may explain the relative low β-value 
correlation between the samples with the highest 
and lowest DNA amounts (Figure S9; Table S1) 
compared to the previous comparison of high and 
low DNA amounts on the 450 K array [14].

Y-chromosome probes were not expected to 
give any signal, since only women were investi
gated. However, 270 out of 537 Y-chromosome 
probes gave signals. The median signal intensity 
from Y-chromosome probes was 16.2–34 times 
lower than that for the remaining chromosomes. 
Signals with Y-chromosome probes in females have 
been observed and discussed before [25,26]. The 
signals are most likely caused by Y-chromosome 
probes binding to X-chromosome sites with high 
target sequence similarities with Y-chromosome 
sites.

While the densities of the signal intensities 
were affected by decreasing DNA amounts 
(Figure S3), we did not observe systematic 
changes in the β-value distributions with decreas
ing DNA amounts (Figure 2). β-values are ratios 
of methylated and unmethylated signal intensi
ties, as shown in Equation 1. If the signal inten
sities were equally decreased for both signals, the 
β-value-distributions would not be affected. We 
expected that decreased signal intensities would 
increase the variance of the ratio. This was indeed 
what we observed when we investigated the 

correlation between the β-values of sample dupli
cates. Thus, the between-days R2 decreased with 
decreasing DNA amounts (Figure 4). The ranges 
of the R2 for the between-days correlations were 
0.992–0.995 (500 ng), 0.989–0.993 (250 ng), 
0.986–0.991 (125 ng), 0.978–0.988 (63 ng), 
0.973–0.980 (32 ng), and 0.932–0.968 (16 
ng DNA).

Investigations of different individuals on the 
same day with 500 ng DNA showed inter- 
individual R2 values of 0.974–0.982. The high 
inter-individual correlations suggest that the 
methylation degree of relatively few CpG posi
tions vary from one individual to another. 
Hence, inter-individual differences will be very 
difficult to detect using a low DNA amount, 
where the between-days R2 in some cases is even 
lower.

Our results showed that decreased DNA 
amounts lead to increased variability 
(Figure 6; Table S2-3). This tendency was pre
sent in all β-value intervals except for the most 
extreme ones ([0.0–0.1] and [0.9-1-0]). This 
increase in the variability of β-values was evi
dent for the lower and upper quartiles and the 
median values within each interval. The relative 
CV change ranged from only 1.5 to 20.9% for 
the different β-value intervals using 500 ng and 
250 ng DNA. In comparison, the relative CV 
change ranged from 7.7 to 58.1% between 32 ng 
and 16 ng suggesting an increased susceptibility 
to deviation in low-amount samples. This 
increase in variability emphasizes that the 
results of especially low-amount samples should 
be interpreted very cautiously. The variability 
depended on both the β-values and the DNA 
amount (Table S2-3). The low SD of β-values 
close to 0 and 1 was previously demonstrated 
for the HumanMethylation27 BeadChip [27]. 
Here, we showed that even though the SD 
changed almost three-fold among the β-value 
intervals using the recommended DNA 
amounts (250 ng: 0.005–0.017), the SD barely 
changed from 125 ng to 500 ng within each β- 
value interval.

The increased variability with decreased DNA 
amounts is mainly caused by a reduced number of 
probes bound to DNA, leading to increased sto
chastic variation and an increased proportion of 
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failing probes, as shown by Abbassi et al. [13), who 
explored the analytical sensitivity and other tech
nical details of the Illumina 450HM array.

The low number of repeated investigations is 
a limitation of the study of the between-days varia
bility. However, the homogeneity of the results 
obtained with 850,000 methylation positions 
makes it most likely that more extensive studies 
will result in similar estimates. The handling, 
including storage temperature and freezing- 
thawing of the tissue samples, may also affect the 
amount needed for the EPIC analysis as seen with 
miRNA in blood samples [28].

The sample location setup was similar on the 
two investigation days. The setup optimized the 
analysis of the technical reproducibility. However, 
the setup may have affected the comparisons of 
signal intensities and β-values between the various 
positions on the slides, DNA amounts, and indi
viduals because positional effects are present with 
the Illumina BeadChips [29,30].

The last limitation is the unknown amount of 
DNA degraded by bisulphite treatment, where 
most DNA is usually destroyed. It is recom
mended, by Illumina, to use the entire eluate 
from the last step of the bisulphite conversion as 
input for the EPIC array protocol. Hence, it was 
not possible to measure the DNA amount after the 
conversion to evaluate the DNA amounts.

Conclusions

This study showed that 125–500 ng DNA from 
peripheral blood gives reproducible results with 
the Infinium MethylationEPIC Kit with median 
SDs of the β-value intervals of 0.005 and up to 
0.017 (median of medians: 0.014). DNA amounts 
equal to 63 ng or below showed less reproducible 
results.
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