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Aim: We examined concordance of methylation levels across the Illumina Infinium HumanMethylation450
BeadChip and the Infinium MethylationEPIC BeadChip. Methods: We computed the correlation for 145
whole blood DNA samples at each of the 422,524 CpG sites measured by both chips. Results: The corre-
lation at some sites was high (up to r = 0.95), but many sites had low correlation (55% had r < 0.20).
The low correspondence between 450K and EPIC measured methylation values at many loci was largely
due to the low variability in methylation values for the majority of the CpG sites in blood. Conclusion:
Filtering out probes based on the observed correlation or low variability may increase reproducibility of
BeadChip-based epidemiological studies.
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The Infinium MethylationEPIC BeadChip (EPIC chip) was released in December 2015. The EPIC chip yields an
estimate of the proportion of methylated DNA (denoted β) for more than 850,000 CpG sites. These cover 99%
of RefSeq genes and 95% of CpG islands with an average number of six probes per island. The EPIC BeadChip
includes 90% of the sites from the previous-generation chip: the Illumina Infinium HumanMethylation450
BeadChip (450k chip). Several studies have appeared in the literature assessing the performance of the EPIC chip in
different tissues [1–3]. These studies examined methylation of DNA samples from oncological cell lines (e.g., LNCaP
and PrEC), or in pairs of tissues preserved using a variety of methods (e.g., fresh frozen vs formalin-fixed paraffin
embedded) and compared methylation values of matched samples assessed on both 450k and EPIC chips. They
calculated what we will here refer to as the ‘overall correlation’. That is, they ran a single DNA sample twice, or a
matched pair of samples preserved using different methods, and then looked at the matched pairs of data represented
by all CpG sites on chip 1 and chip 2 and evaluated the likelihood that the methylation pattern observed for that
same sample on the two chips were similar. These studies reported overall correlations of matched samples run
on the EPIC and 450k chip that were quite high (r > 0.90 for all samples assessed). Pidsley et al. [2] additionally
examined the ability of the platforms to detect differentially methylated probes between three cancer-associated
fibroblast and three nonmalignant fibroblast cell lines. They found that 94% of the overlapping probes that were
differentially methylated at the p < 0.01 significance level in the EPIC chip data were also differentially methylated
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at the p < 0.01 significance level in the 450k data. Estimated effect sizes for differentially methylated sites were
also similar.

These reliability studies suggest that patterns of methylation across the two chips were consistent for oncological
samples, based on the overall methylation patterns. However, these studies did not directly examine the correlation
of methylation at specific CpG sites for a collection of blood-based DNA samples, as is often used in studies
examining methylation differences between individuals rather than tissues, for example, large scale case–control
studies (for brevity we will dub these epidemiological studies). Here, we investigated the site-specific correlation
in 145 DNA samples with methylation evaluated on both the 450k and the EPIC BeadChip. This gives us an
indication of how well each CpG site would perform in an epidemiological-study setting, and the degree to which
associations observed with a specific CpG site might replicate across chips. We found that, as previously reported in
oncological tissue, overall correlation for methylation values from a single blood-derived DNA sample assessed on
both chips were quite high. However, for the majority of measured CpG sites, the correlation of methylation values
across the cohort of DNA samples was quite low. Furthermore, we present evidence that the weak correspondence
in methylation values at most sites is largely attributable to the fact that a large proportion of sites measured by the
Illumina BeadChips have relatively low variation in human blood samples. That is, the majority of CpGs are either
almost entirely all methylated or all unmethylated in human blood samples. For CpG sites that have a higher range
of observable variability, which are arguably the most interesting sites to study, the correlation between probes on
the two chips was substantially higher.

Methods
Samples
The samples used in this study were from the Translational Research Center for TBI and Stress Disorders (TRACTS),
a VA Rehabilitation Research and Development National Center for TBI Research at VA Boston Healthcare System.
We have previously published on a subset of TRACTS with 450k BeadChip methylation and genotype data for
283 subjects [4]. Here, we have obtained methylation data for 145 of these previously assessed DNA samples using
EPIC BeadChips. This research was performed under the oversight of appropriate human-subjects review boards
and informed consent was obtained from all subjects at the time of inclusion to the study.

Data cleaning & processing
Both the 450k and EPIC chips were run at the Pharmacogenomics Analysis Laboratory at Central Arkansas Veterans
Healthcare System according to manufacturer’s protocols. The quality control (QC) process for the 450k data,
including missing rates and sample fails, is described in detail elsewhere [4]. It is the same process that we will
describe here for the EPIC data. Briefly, we used a pipeline developed by the PGC-PTSD Epigenetics workgroup
for 450k data [5]. A total of 524 DNA samples were run on the EPIC chip, 145 of which overlapped with the
450k chip data. Individual-level background-corrected probe data and idat files were output from GenomeStudio.
Sample identity across the 450k and EPIC chips were confirmed using the SNP probes included on both chips
for this purpose. Subsequent cleaning was performed within the CpGassoc package and the ChAMP package in
R [6]. Individual probes failing to meet a detection p-value threshold of 0.001 were set to missing. One chip had
seven out of eight failed samples (>10% missing) and was rerun. After replacing this chip, no samples had more
than 10% missing data. No samples had intensity of less than 50% of the experiment-wide mean or intensity less
than 2000 arbitrary units. Probes with more than 10% missing data were excluded from the analysis (n = 2093).
We additionally excluded EPIC probes that can cross-hybridize between autosomes and sex chromosomes [7]

(n = 44,132) and the 977 ‘underperforming’ EPIC probes included in Illumina Product Quality Notification
PQN0223 dated 19 April 2017. Normalization was performed using the β mixture quantile dilation method [8] as
implemented in the wateRmelon [9,10] R package. Batch and chip effect adjustments were implemented using an
empirical Bayes batch-correction method (ComBat) [11] as implemented in the Bioconductor sva package [12]. As
differential white-cell counts were not available for our samples, cell counts were estimated from the methylation
data itself using the R minfi [13] package. Post QC, there were 453,747 probes available for analysis in the 450k
data and 819,942 probes available for analysis in the EPIC chip data. Of these, there were 422,524 CpG sites that
were interrogated by both chips. For the EPIC chip data, technical replicates (the same DNA sample run more
than one-time using the EPIC chip) were available for 11 samples. Of these, ten were run twice and one was run
three times. Comparisons of the number of beads measuring each CpG site (nbeads) and missing rates observed in
the 450k BeadChip and the EPIC BeadChip data are presented in the Supplementary Materials.
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Figure 1. Example of the overall correlation between chips for representative samples. (A) Methylation values for a sample (ID 617) run
twice on the EPIC BeadChip. (B) Methylation values for the same sample run on an EPIC and a 450k BeadChip. (C) The correlation between
samples from two different individuals, one run with the 450k BeadChip (ID 617) chip and the other run with the EPIC BeadChip (ID 857).

Analysis methods
Data analysis, including the calculation of correlations and plotting of figures was performed in R [6]. Pearson
correlations were computed using R’s cor function. Intraclass correlations were computed using the R ICCest
function from the ICC library. Linear models of the correlation for probes were run using R’s lm function. We
assessed the impact of average nbeads across samples, missing rate (number of probes to fail a detection p-value
threshold of p > 0.001) and the range of β values (max β–min β) on the correlation observed at each CpG site.
Predictors were standardized (mean = 0, standard deviation = 1) prior to analysis. As they are based on different
chemistries, separate models were fit on type I probes, where two probe types are used per site (A and B) and type
II probes, which only have a single probe type per site. For simplicity’s sake, we will only discuss the results for the
linear model of type II probes in the main body of the manuscript. Results for the type I probes are similar and are
presented in the Supplementary Materials.

We additionally examined the methylation data and its correspondence to externally measurable sample quanti-
ties. First, we looked at cg10636246, which had been previously associated with plasma CRP levels [14]. Association
between plasma CRP and cg10636246 was assessed using a linear model that included covariates for age, estimated
cell counts, sex and principal components for ancestry. Additionally, we examined methylation age estimates as
computed by the Horvath [15] and Hannum [16] methods and their correlation with chronological age in both the
450k and EPIC BeadChip data. These analyses are presented in detail in the Supplementary Materials.

Results
Assessing the overall correlation between BeadChips
Similar to what was observed in prior reliability studies of oncological tissues [1–3], for technical replicates of the
EPIC chip (the same DNA sample run twice), the overall correlation across 819,942 CpG sites was quite high
(correlation from r = 0.994 to r = 0.998 across all DNA sample pairs), with a median overall correlation of 0.997.
See Figure 1A for a scatter plot of methylation for a technical replicate for a representative DNA sample run on
an EPIC chip. The overall correlation for a single sample run on both the 450k and EPIC BeadChips across the
422,524 CpG sites assessed on both BeadChips was also quite high. For the 145 samples, overall correlation values
between chips ranged from r = 0.991 to r = 0.996, with a median of r = 0.995 (Figure 1B). However, it must
be noted that these overall correlations were high for any two samples from TRACTS. In fact, in 1000 randomly
sampled pairs, overall correlation between any two samples ranged from r = 0.985 to r = 0.994, with a median of
r = 0.991 (Figure 1C). Hence overall correlation across all CpG sites can be expected to be high for any two blood
samples, regardless of whether or not they were from the same subject.
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Figure 2. CpG Correlation between 450K and EPIC BeadChips. (A) Histogram of correlation for 422,524 CpG sites
assessed by both the 450k and EPIC BeadChip based on 145 samples measured with both chips; and (B) a scatterplot
of EPIC and 450k measured methylation values of 145 samples for a representative CpG site (cg02108436) with a
correlation of r = 0.15, the median correlation across all probes.

Table 1. Model of correlation for CpG sites measured by type II probes.
Model term† Estimate SE T p-value

(Intercept) 0.297 0.0003 954.03 �2e-16

Nbeads 450 0.0119 0.00029 40.45 �2e-16

Nbeads EPIC 0.016 0.00030 52.60 �2e-16

N missing 450 -0.020 0.00038 -52.50 �2e-16

N missing EPIC -0.00065 0.00038 -1.70 0.09

Range 450 0.25 0.0010 250.96 �2e-16

(Range 450)2 -0.034 0.00024 -141.74 �2e-16

Range EPIC 0.052 0.00092 56.44 �2e-16

(Range EPIC)2 -0.00031 0.00022 -1.42 0.15

Residual standard error: 0.16 on 311,293 degrees of freedom.
Multiple R-squared: 0.63, adjusted R-squared: 0.63.
F-statistic: 6.68e+04 on 8 and 311,293 DF, p-value: �2.2e-16.
†All predictors standardized (mean 0, SD = 1) prior to modeling. Nbeads is average number of beads across samples. N missing represents the proportion of missing values per probe.
Range: max(�)–min(�).
DF: Degrees of freedom; SD: Standard deviation; T: Student’s T statistic.

Assessing CpG site-specific correlations
For studies attempting to replicate epidemiological findings from the 450k BeadChip with methylation data
generated using the EPIC array, or for studies interested in doing a joint analysis of 450K and EPIC data, the degree
to which methylation values for an individual CpG site interrogated with the 450k correlates with methylation
values for that same CpG site interrogated with the EPIC array is far more informative. The correlation of CpGs
measured on the 450k and EPIC arrays across 145 subjects varied widely. Figure 2A presents a histogram of the
correlation values for CpG sites assessed on both chips. All of the correlation values, as well as QC information
from each CpG site, are presented in Supplementary Table 1. For the 422,254 probes on both chips, the median
and mean correlation were 0.15 and 0.25, respectively (r = -0.34 to 0.95). See Figure 2B for a scatterplot from
a representative CpG site. Of the sites measured by both probes, 234,727 (55.6%) had correlation values <0.20,
95,950 (23%) had correlation values >0.50 and 10,987 (2.6%) had correlations >0.80.

Examining the causes of low CpG correlation
We then investigated the impact of nbeads, missing rate and range of observed β values on the correlations for each
CpG site (Figure 3 A–C) to determine what factors influence CpG correlation. Table 1 presents the results of a
linear model of these predictors and methylation values for CpG sites assessed with type II probes, with a quadratic
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Figure 3. The correlation for CpG sites assessed by both 450k and EPIC BeadChips (type II probes only). Presented as
a function of (A) Bead Count per CpG for the 450k data; (B) the proportion of missing values for the 450k; and (C) the
range of the observed 450k B values (max β–min β). The range of values is trimmed to enhance detail.
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Figure 4. A histogram of the median β value for CpG
sites with β ranges <0.05 demonstrating that these
probes are nearly completely methylated or completely
unmethylated.

term for range included due to the curvature apparent in Figure 3C. All predictors except the number of missing
probes and the range2 term for the EPIC data were significant. We note that this may be due to multicollinearity,
as the range and the missing rate were correlated across chips (r = 0.91 and r = 0.63, respectively). There was a
strong positive association between the β range variables and CpG correlation with a quadratic term indicating
downward curvature. A comparison of the multiple r2 = 0.63 for the model presented in Table 1 to the multiple
r2 = 0.0048 value for a model that excludes the β range variables (presented in Supplementary Table 2) indicates
that the majority of the variance in correlation for the CpG sites is explained by probe variability, such that sites
with low variation tend to have lower correlation. The results for the type I probes are similar, and are presented in
the Supplementary Tables 3 & 4.

We further examined the low-variation sites. For CpG sites with a 450k chip methylation range of less than 0.05
(n = 109,279), the median correlation was r = 0.031 and 94.64% of sites had correlations less than r = 0.20.
The vast majority of these low variance sites were nearly completely methylated or nearly completely unmethylated
(Figure 4). That is, 95.81% of these sites had a median methylation value <0.05 or >0.95. The correlation was
much higher for CpGs with a greater range of β values. For the CpGs, which had a β range of >0.20 (n = 61,248),
the median correlation was r = 0.71 and 93.36% had correlations greater than 0.20.

Examining the ICC for EPIC chip data
Finally, we examined the effect of β range on the ICC of CpG sites based on 11 DNA samples measured repeatedly
using the EPIC chip. This was done to determine if the reliability of low-variation sites would be similarly low
for those analyzing data from the EPIC chip alone. Supplementary Table 5 presents the ICC values for 819,942
CpG sites along with β range, nbeads and missing rate for each CpG site. Figure 5 presents the ICC for 819,942
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Figure 5. Intraclass correlation as a function of the
range of observed β values for EPIC-measured CpGs.

CpG sites as a function of the β range. The pattern is more diffuse, but broadly matches the pattern observed in
Figure 3C. In a linear model of EPIC type II probes, both range and range2 were significantly associated with ICC
(p < 2 × 10-16) (Supplementary Table 6). The r2 of the model of ICC including nBeads, N missing and range and
range2 was 0.24 and all predictors were significant (all p < 2 × 10-16). For the corresponding models excluding the
β range variables, the r2 was 0.022 (Supplementary Table 7). While the r2 for the models of ICC with the range
variables (Supplementary Table 6) is smaller than the r2 of the models of CpG correlation (as presented in Table 1),
this may be due to the higher standard errors of ICC estimates computed from only 11 samples. Results for the
type I probes were similar (Supplementary Tables 8 & 9).

Two examples of comparability of performance between the 450K & EPIC chip
While there are many CpG sites with low variability and hence low correlation, this should not necessarily be
interpreted as unreliability of the chips in general or a general lack of validity of results that have been previously
reported based on BeadChip technology. To emphasize this fact and to demonstrate that the low correlation
observed at many probes was not an artifact of mishandling of our data, we examined the relationship between
EPIC chip measured methylation values and several externally measurable quantities available for our cohort.
First, an epigenome-wide association study of CRP that used the 450k BeadChip [14] reported that methylation
of cg10636246 was associated with (serum/plasma) CRP levels. Here, we find the cross-chip correlation for
cg10636246 was r = 0.74 and correlation between the EPIC chip measurement of cg10636246 and CRP levels
was similar to that reported with the 450K chip (see Supplementary Results for details). We also examined
measures of DNA methylation age [15,16] and their relationship to chronological age. Again, performance of the
EPIC BeadChip was similar to the 450k chip (see Supplementary Results for details). Hence, we stress that even
though many individual sites display low correlation between chips, there are also many instances in which the
EPIC array performs similarly to the 450k chip.

Discussion
We have shown that the concordance of individual level methylation data for CpG sites assessed on both the
EPIC BeadChip and 450k chip is quite low for many CpG sites. We note that data for both chips passed QC
filters based on a pipeline developed for use by a genome-wide methylation consortium. We showed that the
correlation at a given CpG site is largely determined by the amount of true variability in DNA methylation levels
across subjects, such that sites with low variation tend to also have low correlation and low ICCs. The power to
detect an association is a function of the reliability of measurement [17,18], and hence these low correlation sites
will have difficulty replicating. This represents a substantial proportion of sites measured by these BeadChips, for
example, 25.8% of overlapping sites have a range of β values less than 0.05, and within these sites, 95.8% have
CpG correlations of less than 0.20. When the overall variability of a CpG site in a given tissue is low, this may be
a signal that the ratio of the true variability relative to the measurement error is low, and the correlation can suffer
as a consequence. This is true whether we are comparing 450k data to EPIC data, or whether we are investigating
intraclass correlations within EPIC chip data. However, this should not be interpreted as a blanket excoriation of the
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performance of either the EPIC or the 450k chip, or to necessarily impugn the results of any study which used these
chips. As our examples of the CRP-associated probe and the methylation age calculation demonstrate, there are
clear cases where the data from these chips can be consistently associated with independently measured quantities,
and the performance for these purposes can be similar across chips. We showed that the low observed correlation at
many sites is a technical artifact of low variability at CpG sites that are either nearly entirely methylated or entirely
unmethylated in blood. This is a consequence of chip design, as the 450k and EPIC chips are designed to assess
methylation broadly, regardless of tissue type, and not specifically tailored to epidemiological studies of whole blood
samples, and hence did not specifically screen for CpG sites, which were variable in blood in the population. This
represents an opportunity for manufacturers. A BeadChip focusing on sites that are variable in blood (or saliva)
tailored for use in epidemiological studies could increase the number of useful probes while lowering the number
of sites assessed overall, potentially producing a ‘human whole blood methylation chip’ with higher power but a
lower price point. The full complement of probes present on the EPIC chip would still be useful for researchers
examining different tissues and for use in oncological studies.

There are several limitations that should be kept in mind while interpreting these results. We had a reasonably
large sample with which to examine the correlation for CpG sites measured on both chips, but much less data to
examine the intraclass correlation of technical replicates performed on the EPIC chip, and no technical replicates
for DNA samples assessed with the 450k chip to use as a comparison. Also, patterns of methylation can vary across
tissues, and sites which have high variability in one tissue may have little or no variability in the other. As our
data is from whole blood, the ranges and correlations observed here should only be used to guide studies of whole
blood samples. Also, as we do not have independent measurements of methylation using another methodology
(e.g., pyrosequencing), we are not able to determine whether the EPIC or the 450k is more representative of the
true underlying methylation values for a CpG site.

In conclusion, we urge caution when interpreting results or attempting to replicate findings from CpG sites
with low observed variability. This is not an entirely new concept. Previous studies have suggested filtering out low
variation probes (see for example [19]). In oncological research, validation studies have led to a customary minimum
detectible mean β difference [20–22]. However, in epidemiological studies, there is currently no corresponding
convention and there is not a general practice of filtering sites for variability (see e.g. [23–27]). Researchers conducting
a blood-based EWAS study may wish to consider whether or not it is worthwhile to analyze low variability sites, or
if it is better to focus on sites with either high variability or high estimated correlation. It might be a good strategy
for an epidemiological EWAS or a candidate-gene methylation study to drop all CpG sites with a range of β values
<0.1. Technical replicates could also be used to filter out CpG sites with reliability problems, for example, by
excluding all sites with an estimated ICC of <0.50. However, the relatively high noise pattern observed in Figure 4
suggests that more than 11 technical replicates would be necessary to generate a clean distinction between high and
low performing CpG sites. Filtering based on β range (as suggested in [19]), estimated correlation for overlapping
probes (based on Supplementary Table 1) or estimated ICC (as suggested in [28]) would allow for greater power
through a reduction of the multiple testing burden as well as increase the chance that the probe will replicate in
another dataset. It is also worth noting that even in situations where the correlation is high at a particular CpG site,
there may be batch effects, so that EPIC and 450k data should not be analyzed together without an appropriate
adjustment.

Going forward, it is worth noting that even for epidemiological studies exclusively using EPIC chips, it may be
worthwhile to exclude low variance sites. In addition, the results here emphasize the importance of validation of
methylation values using other technologies such as bisulfite methylation sequencing. Researchers should strongly
consider validation of top reported sites using another independent technology. This may be especially important
to validate the performance of sites with a relatively low observed range of values. For CpG sites, which are nearly
completely methylated or unmethylated, double sequencing, or assessing each site twice, may be necessary to
improve reliability beyond the levels achieved by the methylation chips. The estimated correlation between sites
measured on both chips presented here represent important information on the reliability and reproducibility of
epidemiological studies of methylation in blood-derived DNA samples conducted using BeadChips in general, and
those transitioning from Illumina 450k to EPIC BeadChips in particular.
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Summary points

� We obtained measures of DNA methylation for whole blood-derived DNA samples from 145 subjects using both
the Illumina Infinium HumanMethylation450 BeadChip and the Infinium MethylationEPIC BeadChip.

� We examined the correlation of methylation values measured on the same sample using both chips for all
overlapping CpG sites (overall correlation; one correlation estimate per sample), as well as the correlation of 450k
and EPIC methylation values at each of the overlapping CpG sites individually (CpG correlation; one correlation
estimate per CpG site).

� As previously observed in earlier studies of oncological samples, the overall correlation for a single sample
measured on both chips was quite high (r > 0.99 for each of the 145 samples).

� When we examined the CpG site correlation, we found that some CpGs had high correlation, with 23% having
r > 0.50, but many had low observed correlation, with 55% having r < 0.20.

� We found that CpG site correlation is largely a function of the range of observed β values (the proportion of
methylated DNA), such that sites with low variability in blood samples tended to have low correlation. This is
likely due to the lower S/N ratio for these probes.

� Many high variability probes have high correlation. We present several examples of previously reported
associations where EPIC chip performance is similar to that of the 450K chip.

� Researchers performing epigenome-wide association studies should consider analyzing only probes with a higher
range of variability, regardless of the chip used to measure methylation.

� This would allow for lower multiple-testing corrected significance thresholds as well as increase the likelihood
that observed associations are replicable.
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