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Background: Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia

and post-operative atrial fibrillation (POAF) is a major healthcare burden, contributing

to an increased risk of stroke, kidney failure, heart attack and death. Genetic studies

have identified associations with AF, but no molecular diagnostic exists to predict

POAF based on pre-operative measurements. Such a tool would be of great value for

perioperative planning to improve patient care and reduce healthcare costs. In this pilot

study of epigenetic precision medicine in the perioperative period, we carried out bisulfite

sequencing to measure DNA methylation status in blood collected from patients prior to

cardiac surgery to identify biosignatures of POAF.

Methods: We enrolled 221 patients undergoing cardiac surgery in this prospective

observational study. DNA methylation measurements were obtained from blood samples

drawn from awake patients prior to surgery. After controlling for clinical and methylation

covariates, we analyzed DNA methylation loci in the discovery cohort of 110 patients for

association with POAF. We also constructed predictive models for POAF using clinical

and DNA methylation data. We subsequently performed targeted analyses of a separate

cohort of 101 cardiac surgical patients to measure the methylation status solely of

significant methylation loci in the discovery cohort.

Results: A total of 47 patients in the discovery cohort (42.7%) and 43 patients in the

validation cohort (42.6%) developed POAF. We identified 12 CpGs that were statistically

significant in the discovery cohort after correcting for multiple hypothesis testing. Of

these sites, 6 were amenable to targeted bisulfite sequencing and chr16:24640902

was statistically significant in the validation cohort. In addition, the methylation POAF

prediction model had an AUC of 0.79 in the validation cohort.

Conclusions: We have identified DNA methylation biomarkers that can predict future

occurrence of POAF associated with cardiac surgery. This research demonstrates the

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.837725
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.837725&domain=pdf&date_stamp=2022-05-10
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mfischer@mednet.ucla.edu
https://doi.org/10.3389/fcvm.2022.837725
https://www.frontiersin.org/articles/10.3389/fcvm.2022.837725/full


Fischer et al. Prediction of Post-operative Atrial Fibrillation

use of precision medicine to develop models combining epigenomic and clinical data to

predict disease.

Keywords: post-operative atrial fibrillation (POAF), epigenomics, DNA methylation, cardiac surgery, precision

medicine

INTRODUCTION

Atrial fibrillation (AF), the most common sustained
cardiac arrhythmia, is characterized by rapid, irregular
atrial depolarizations that lead to an increased risk of clot
formation and subsequent stroke (1). Long-term risks of
myocardial ischemia, heart failure and dementia are elevated in
patients with AF (2–6). Clinical management of AF involves a
combination of pharmacological interventions (such as calcium
channel blockers) and interventional techniques (such as
radiofrequency ablation) to dampen or eliminate the substrates
for arrhythmogenic activity (7).

AF is a frequent arrhythmia after cardiac surgery on

cardiopulmonary bypass. Approximately 30–40% of cardiac

surgeries are complicated by post-operative atrial fibrillation

(POAF), which is associated with greater hospital resource

utilization, longer ICU and hospital stays and hence greater

healthcare costs (8–10). POAF also significantly elevates the

risk for more serious long-term cardiovascular complications

including myocardial infarction, cardiac arrest, bleeding, renal

failure, stroke and death. For coronary artery bypass grafting

(CABG) surgery alone, the Society of Thoracic Surgeons database
recorded 161,816 procedures in the United States in 2019,
plus thousands more procedures in which mitral or aortic
valve replacements were performed alone or concomitant with
CABG (11).

DNA methylation frequently occurs on cytosines followed
by guanine (CpGs) and has been shown to correlate with gene
expression in development and disease (12). DNA methylation
has been implicated in diseases such as cancer (13), and recent
studies have implicated altered global DNA methylation in
cardiovascular disease (14–18). Because it has been shown in the
Framingham cohort that DNA methylation in peripheral blood
samples is associated with AF in the outpatient setting (19), we
sought to find CpGs associated with POAF, a clinically distinct
manifestation of AF, after cardiac surgery. It would be useful for
mechanistic studies to determine the association of these DNA
methylation loci with altered gene expression in left atrial tissue;
however, it is not possible to obtain left atrial tissue samples
from all patients undergoing cardiac surgical procedures without
a separate biopsy of the left atrium, an undue risk to patients
who otherwise would not have an incision on the left atrium.
In this study, we enroll patients undergoing a variety of cardiac
surgical procedures (Supplementary Table 1) because these are
the patients we care for in the operating room and for which
we would like to develop perioperative epigenetic assessment of
POAF risk. Thus, we sought to assess the association of DNA
methylation in peripheral blood samples with POAF.

While the genetic contribution to AF has been well studied
(20), including identification of sequence variation associated

with POAF (21), the epigenetic contribution through DNA
methylation remains under-explored and represents an appealing
target for biomarker discovery based on the following rationale:
DNA methylation is relatively stable but not immutable (it
can be modified throughout life and thus may serve as a
molecular beacon of modifiable risk), and some features of
DNA methylation are conserved across tissue types while still
exerting cell type specific effects (14, 22, 23). For example, in
one study (14) a subset of DNA methylation loci associated
with dilated cardiomyopathy in left ventricular myocardial tissue
also displayed conserved methylation associated with dilated
cardiomyopathy across other tissues, including peripheral blood
samples. In the present study, we sought to identify pre-operative
epigenomic biomarkers that could be deployed in a precision
medicine context to predict a specific and prevalent post-
operative complication. We report herein two prediction models
combining pre-operative clinical variables and DNAmethylation
marks that predict POAF in cardiac surgery patients.

MATERIALS AND METHODS

Patient Selection
After institutional review board approval and written informed
consent, adult patients scheduled for elective cardiac and aortic
surgery on cardiopulmonary bypass were enrolled in this
prospective study at the Ronald Reagan Medical Center at the
University of California, Los Angeles (UCLA).We chose to enroll
patients undergoing a variety of cardiac surgical procedures
because this reflects the patient population we care for and
for which we would like to implement DNA methylation-
based prediction of adverse post-operative outcomes. The cardiac
surgical procedures examined in this study are presented in
Supplementary Table 1. Patients were enrolled consecutively. A
detailed questionnaire was performed, which recorded known
clinical risk factors for POAF such as age, proposed surgery
and history of paroxysmal AF. We excluded patients with any
of the following: AF at the time of surgery, pre- or post-
operative complete heart block, emergent surgery, a history
of congenital heart disease, organ transplantation, systemic
inflammatory diseases, endocarditis or having cardiac surgery
without cardiopulmonary bypass. These exclusions reflect:
(1) clinical scenarios where pre-operative epigenetic profiling
would not be possible due to insufficient time before the
surgical procedure; (2) patients where manifestation of AF
would not be clinically evident; and (3) disease processes that
would significantly affect the peripheral leukocyte composition
(e.g., endocarditis).

We enrolled 128 patients in the discovery cohort and
reduced representation bisulfite sequencing (RRBS) data was
obtained from pre-operative whole blood samples from all of
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these patients. However, 13 samples were excluded from the
discovery cohort analysis based on clinical criteria: 4 patients
had permanent AF, 5 patients had perioperative complete heart
block, 1 patient died post-operatively, 2 patients had surgery
off of cardiopulmonary bypass and 1 patient had endocarditis.
Five patients were excluded for poor bisulfite conversion or
poor mappability. In the validation cohort, 104 patients were
enrolled whose whole blood samples underwent targeted bisulfite
sequencing. Three patients were excluded based on clinical
criteria: 1 patient had permanent AF, 1 patient had peri-
operative complete heart block and 1 patient had surgery off
of cardiopulmonary bypass. Several of the clinical exclusions in
the discovery and validation cohorts reflect ongoing epigenomic
biobanking for analysis of other perioperative complications that
are outside the scope of this current study.

Occurrence of Post-operative Atrial
Fibrillation
Patients were followed prospectively to assess for occurrence
of POAF. POAF is defined herein as any occurrence of AF of
at least 30 s duration after completion of surgery until hospital
discharge. We defined POAF as a binary event because we
would like to identify methylation loci associated with the
development of POAF rather than those related to sustained AF
of longer duration. Patients in the cardiac intensive care unit had
continuous electrocardiogram monitoring with both electronic
and clinical diagnosis of AF. In addition, patients transferred
out of the ICU are monitored via telemetry until discharge from
the hospital. To ensure data validity, the occurrence of POAF
was cross-checked with the electronic medical record (EMR) and
the Society of Thoracic Surgeons (STS) database, which contains
outcome data including occurrence of POAF recorded by the
surgical and medical teams prior to discharge.

DNA Methylation Data
Prior to the start of surgery, 6mL whole blood samples were
drawn from an arterial line in awake patients before induction of
anesthesia. Blood samples were collected in a Becton Dickinson
pink stoppered EDTA containing tube (Franklin Lakes, NJ),
which was stored on ice and processed within 1–3 h. An overall
schematic of the experimental workflow is shown in Figure 1.
Genomic DNA was isolated (PureLink Genomic DNA Kit,
K1820-01) from whole blood (separately we biobanked buffy
coat containing leukocytes and platelets at −80◦C), subjected
to enzymatic digestion with MspI (NEB, R0106S) and bisulfite
converted (EpiTect Fast. DNA Bisulfite Kit, Qiagen, 59824).
RRBS library preparation was adapted from previous studies
(22, 24) using 200 ng of genomic DNA from each sample. In
the discovery cohort, libraries were prepared using Illumina
TruSeq kit, size-selected for 330 bp with AMPure XP beads and
subjected to 100 bp, single-end sequencing on Illumina HiSeq
instruments. BS-Seeker2 (25) was used to align the reads to
hg38, allowing for up to 10 mismatches, and methylation was
called for CpGs and then processed using MethylKit in R as
described in previous publications (22, 24). The RRBS approach
measures CpG methylation, expressed as the ratio of methylated

sequencing reads to all reads for that CpG. We excluded samples
with poor bisulfite conversion or mappability.

For the validation cohort, the DNA methylation status of
12 statistically significant CpGs from the discovery cohort
were measured in our validation cohort using targeted bisulfite
sequencing. As such, the validation cohort was collected
after the discovery cohort was completed and the CpGs
of interest were identified after analysis of the discovery
cohort. The significant CpGs in the discovery cohort had
to be identified before sequencing the validation cohort so
that DNA probes could be developed to specifically enrich
for those same CpGs in the validation cohort using targeted
bisulfite sequencing (26). Targeted bisulfite sequencing is
less expensive and achieves a higher read depth for the
CpGs of interest compared to whole genome bisulfite
sequencing or RRBS. For these reasons, targeted bisulfite
sequencing is a more focused implementation within a
precision medicine environment. For each patient in the
validation cohort, 200 ng samples of genomic DNA underwent
library preparation involving unique adaptor ligation and
were subsequently pooled to be individually sequenced
together. Single stranded DNA was then hybridized with
120 bp biotinylated DNA probes designed and synthesized
by Integrated DNA Technologies (Coralville, IA). The
primer and probe sequences used for targeted bisulfite
sequencing (both for validation of RRBS-derived CpGs and
for Framingham Heart Study significant CpGs) are included
as a Supplementary Excel File. Following biotinylated probe
pull down with streptavidin coated magnetic beads, the pooled
samples underwent bisulfite conversion, PCR amplification,
sequencing and alignment to human reference genome hg38
followed by counting methylated and unmethylated CpGs using
BSBolt (27).

Cell Type Deconvolution
To account for the known confounding of cell type composition
on DNA methylation analysis (28), we compared a variety of
methods for controlling for cell type heterogeneity. Reference-
based deconvolution was performed in the discovery cohort
using a method described by Orozco et al. (22), which provides
cell type composition estimates using DNA methylation
sequencing data. In parallel, reference-free deconvolution
was performed on whole blood methylation ratio data
using RefFreeEWAS (29) and ReFACTor (30) in R. We
separately performed parameter optimization for the reference-
free methods and determined that both ReFACTor and
RefFreeEWAS optimally modeled 4 surrogates for cell type
composition in our dataset.

Fluorescence activated cell sorting (FACS) was performed on
a subset (n=14) of patients in the discovery cohort for which
additional blood samples were available to assess the accuracy of
in silico cell type estimation. 5mL of whole blood was drawn from
an arterial line prior to induction of anesthesia at the same time
as the blood draw for the methylation data. FACS analysis was
performed at the UCLA Immunogenetics Clinical Laboratory
to determine percent composition of neutrophils, monocytes, B
cells, CD4+ T cells, CD8+ T cells, and NK cells.
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FIGURE 1 | Study Design. Patients giving informed consent were enrolled in the study and a blood sample was drawn in the operating room (OR) prior to surgery.

Genomic DNA was isolated from blood and subjected to reduced representation bisulfite sequencing (RRBS). The resulting methylation status was determined as

described in the text. Patients were monitored for post-operative atrial fibrillation and differential DNA methylation loci were used to build a model to predict

post-operative atrial fibrillation based on pre-operative blood samples. The statistically significant CpGs and predictive model were then analyzed in a separate

validation cohort of cardiac surgical patients.

Statistical Analyses
For each sample in the discovery and validation cohorts, we
removed from analysis CpGs with <10× coverage. Additionally,
CpGs were removed from the cohort if they were located at
SNPs with minor allele frequency >1% in humans (dbSNP build
150 common SNPs: http://hgdownload.cse.ucsc.edu/goldenpath/
hg38/database/snp150Common.txt.gz) or not present in at least
50% of the cohort after filtering for coverage.

Using the DSS-general package (31) in R version 4.0.2, beta
binomial regression was used to regress bisulfite sequencing
count data at the filtered CpGs on POAF status. In this regression
analysis, we controlled for established clinical covariates (19,
21, 32) (age, sex, history of paroxysmal AF, body mass index,
diabetes, hypertension, congestive heart failure, pulmonary vein
isolation, MAZE procedure and cardiopulmonary bypass time)
and methylation covariates (19) (smoking status, ethnicity and
cell type composition estimates) to identify CpGs meeting a
predetermined significance threshold (p-value < 5 × 10−8)
for POAF. Patients with more than 2 surgical procedures on
cardiopulmonary bypass had a higher incidence of POAF in our

cohort so their occurrence was included as a clinical covariate
in our analysis. The Manhattan plot in Figure 2 was generated
using the ggmanh (33) package in R. The QQ plot was generated
using qqman (34) and gglot2 (35) in R. For the validation cohort,
we used DSS-general in R to model differential methylation at
CpGs highly significant in our discovery cohort and performed
regression analysis to determine the association of each CpG
with POAF.

The methylation POAF model was constructed and trained
using the percent methylation of 3 of the most significant
methylation predictors (chr16:24640902, chr16:33770791, and
chr21:44932986) and 3 of the most significant clinical predictors
(age, history of paroxysmal AF and more than 1 cardiac
surgical procedure) in the discovery cohort. The clinical risk
factors for this model were selected by stepwise logistic
regression in JMP version 16.0.0 (Cary, NC). The methylation
model was trained on the discovery cohort using five-fold
cross validation repeated 10 times using the caret package in
R. The model was then separately tested on the validation
cohort to assess model performance in an independent
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FIGURE 2 | Manhattan Plot of CpGs Associated with Post-operative Atrial Fibrillation. The vertical axis represents the negative log 10 of the p-value of each CpG’s

association with POAF. The horizontal axis represents the chromosome and position of each CpG. Twelve CpGs had significant association with POAF after

controlling for known clinical and methylation covariates. The black horizontal dashed line corresponds to a p-value of 5 × 10−8.

set of samples. An additional methylation POAF prediction
model was constructed using chr17:20376906, the CpG within
the chr17:20376813-20376906 differentially methylated region
(DMR) that was most statistically significant in the discovery
cohort, and 4 clinical risk factors (age, history of paroxysmal
AF, cardiopulmonary bypass time in minutes and more than 1
cardiac surgical procedure) which were chosen using stepwise
logistic regression in JMP. Similarly, this additional methylation

model was trained on the discovery cohort using five-fold
cross validation repeated 10 times using the caret package
in R. Determination of the chr17:20376813-20376906 DMR
was made using the callDMR function in DSS-general with
default parameters.

In a separate analysis, we performed targeted bisulfite
sequencing of published significant CpGs associated with
outpatient AF in the Framingham cohort (19). We used
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the liftOver tool (https://genome.ucsc.edu/cgi-bin/hgLiftOver)
to convert hg19 coordinates to hg38 coordinates. We then
performed targeted bisulfite sequencing against these loci
to determine the methylation status of these CpGs in our
validation cohort. We again used DSS-general in R to perform
regression analysis to determine the association of each CpG
with POAF.

RESULTS

Of the 110 patients analyzed in the discovery cohort, 47
patients developed POAF for an incidence of 42.7%. There
were 101 patients analyzed in the validation cohort, 43 of
which experienced POAF for a similar incidence of 42.6%. The
incidence in both cohorts is similar to other cardiac surgical
populations. The characteristics of the 211 patients analyzed
in this study are displayed in Table 1 by cohort. Patients who
developed POAF had a longer length of stay with a median
difference of an additional 3 days (median of 9 days total vs. 6
days). The difference in length of stay in patients experiencing
POAF in all 211 patients was statistically significant (p-value
< 0.001) as calculated by the Mann-Whitney U test. The
surgical procedures for this patient cohort are displayed in
Supplementary Table 1. This table shows that patients who had
2 or more surgical procedures (any combination of the following:
aortic valve surgery, mitral valve surgery, pulmonic valve surgery,
tricuspid valve surgery, CABG surgery, open aortic surgery and
myomectomy) on cardiopulmonary bypass had a higher risk of
POAF and so this was included as a covariate in our analysis. The
racial and ethnic composition of this cohort, another covariate in
our analysis, is shown in Supplementary Table 2.

Because DNA methylation at some CpGs is cell-type specific,
differences in cell type composition is a known source of
confounding which can mistakenly attribute differences in
cellular composition as biologic differences related to the disease

being studied (28). To account for the heterogeneity of cells
in human blood, we compared three methods to control for
cell type composition, a reference-based method (22) and
two reference-free methods [ReFACTor (30) and RefFreeEWAS
(29)]. The reference-based method estimates were the most
highly correlated with FACS data so therefore we used reference-
based estimates of percent cell type composition as covariates
in our analysis of the discovery cohort. Supplementary Table 3

shows the Pearson correlation coefficients between the measured
cell type composition and those estimated in silico using the
reference-based method. The reference-based cell type estimates
are statistically significant for neutrophils, monocytes, CD4+
T-cells and NK cells but not B-cells or CD8+ T-cells.

We then analyzed autosomal CpGs in pre-operative blood
samples from the discovery cohort for association with POAF
while controlling for known clinical and methylation covariates
(Figure 2). There were 2,557,388 CpGs with 10× coverage
in at least 50% of patients in our discovery cohort and an
average of 2,151,705 of these CpGs per sample. We identified
12 CpGs with strong association with POAF (Table 2). Of these
12 significant CpGs, 7 were within regions of the genome
amenable to targeted bisulfite sequencing. CpGs that were not
amenable to targeted bisulfite sequencing were within sequences
that shared homology with other genomic regions. Six of
these CpGs had sequencing data that met sufficient coverage
thresholds as defined in the discovery cohort. Of these 6 CpGs,
3 (chr17:20376849, chr17:20376904, and chr17:20376906) are
within a differentially methylated region on chromosome 17
and have highly correlated methylation. This DMR, chr17:
20376813-20376906, was identified by the callDMR function
in DSS using default parameters and contained a total of 12
CpGs in our discovery cohort dataset. In a separate exercise, we
used ReFACTor to analyze our data in an unsupervised manner
(Supplementary Table 4). We performed a beta binomial
regression controlling for 4 principal components (as determined

TABLE 1 | Characteristics of patient population.

Characteristic Discovery Validation

POAF No POAF POAF No POAF

Total Number of Patients 47 (42.7%) 63 (57.3%) 43 (42.6%) 58 (57.4%)

Age, Mean +/– SD 66.8 +/– 8.8 60.1 +/– 15 68.7 +/– 8.6 58.9 +/– 13.3

Female 15 (31.9%) 22 (34.9%) 8 (18.6%) 21 (36.2%)

History of Paroxysmal Atrial Fibrillation 9 (19.1%) 4 (6.3%) 9 (20.9%) 7 (12.1%)

Diabetes Mellitus 12 (25.5%) 16 (25.4%) 14 (32.6%) 18 (31%)

Hypertension 34 (72.3%) 44 (69.8%) 36 (83.7%) 41 (70.7%)

Congestive Heart Failure 18 (38.3%) 14 (22.2%) 15 (34.9%) 16 (27.6%)

Body Mass Index, Mean +/– SD 29.9 +/– 7.5 27.4 +/– 5.2 28.3 +/– 6.5 28.5 +/– 5.9

Current Smoker 2 (4.3%) 6 (9.5%) 1 (2.3%) 1 (1.7%)

Pulmonary Vein Isolation 0 (0%) 2 (3.2%) 1 (2.3%) 1 (1.7%)

MAZE 6 (12.8%) 2 (3.2%) 4 (9.3%) 4 (6.9%)

Two or More Cardiac Surgical Procedures 24 (51.1%) 20 (31.7%) 22 (51.2%) 15 (25.9%)

Cardiopulmonary Bypass Time, Mean +/– SD 156 +/– 56.9 136.7 +/– 52.7 167.7 +/– 64.7 140.7 +/– 60.9

The number and prevalence of clinical risk factors in the discovery and validation cohorts are displayed in this table for patients who experience post-operative atrial fibrillation and for

those who do not.
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TABLE 2 | CpGs Associated with POAF.

CpG Methylation Nearest Gene Location Discovery P-value Discovery FDR Validation P-value

chr4:62623910 Hypo ADGRL3-AS1 Upstream 2.57E-08 8.16E-03

chr6:33576278 Hyper BAK1 Intron 2.53E-09 1.61E-03

chr9:128263479 Hyper GOLGA2 Intron 1.50E-09 1.27E-03

chr15:75632860 Hyper IMP3 Downstream 1.13E-08 4.11E-03

chr16:24640902 Hyper TNRC6A Exon 4.11E-08 1.01E-02 0.026

chr16:27841320 Hyper GSG1L Intron 9.28E-09 3.93E-03

chr16:33770791 Hypo LOC390705 Upstream 6.63E-10 8.42E-04 0.054

chr17:20376849 Hypo CCDC144CP Intron 4.91E-08 1.01E-02 0.226

chr17:20376904 Hypo CCDC144CP Intron 3.40E-08 9.59E-03 0.690

chr17:20376906 Hypo CCDC144CP Intron 3.58E-10 8.42E-04 0.624

chr21:8257115 Hyper CBS Intron 4.25E-09 2.16E-03

chr21:44932986 Hyper LINC01547 Exon 4.55E-08 1.01E-02 0.078

Twelve CpGs have p-values <5 × 10−8 in the discovery cohort after controlling for clinical and methylation covariates. The CpG methylation status associated with POAF, nearest gene,

CpG location relative to the nearest gene and the statistical significance of these loci in the validation cohort are also listed. The methylation status of six CpGs in the validation cohort

were unable to be measured using the targeted bisulfite sequencing approach. One CpG, chr16:24640902, was successfully validated in a separate cohort.

TABLE 3 | Methylation model for post-operative atrial fibrillation.

Model Parameter Estimate Standard Error P-value Odd’s Ratio 95% CI

Intercept −13.363 3.942

Chr16:24640902, per 10% methylation 10.413 3.415 0.002 2.833 (1.45, 5.53)

Chr16:33770791, per 10% methylation −4.330 1.952 0.027 0.649 (0.44, 0.95)

Chr21:44932986, per 10% methylation 6.171 2.906 0.034 1.853 (1.05, 3.28)

Age, per 10 years 0.077 0.025 0.002 2.170 (1.33, 3.55)

History of Paroxysmal Atrial Fibrillation 2.636 0.932 0.005 13.953 (2.24, 86.77)

More than 1 Cardiac Surgical Procedure 0.941 0.494 0.057 2.562 (0.97, 6.74)

This model uses 3 CpGs and 3 clinical risk factors to predict POAF. This model was constructed using multivariate regression of pre-operative risk factors to predict post-operative atrial

fibrillation. Methylation ratios were used instead of the count data used in the primary analysis. Coefficient estimates, odd’s ratios, p-values and 95% CIs reflect the significance of each

parameter in the format of this model after five-fold cross validation using only the discovery cohort data. The model was then assessed separately on the independent validation cohort.

by the package’s parameter optimization tool) and the clinical risk
factors as previously described in our initial analysis. Notably,
the most important loci (chr16:24640902 and chr17:20376849-
20376906) used in ourmodels are still significant after accounting
for these principal components.

Out of the 6 CpGs significant in the discovery cohort
that were able to be sequenced in the validation cohort, one,
chr16:24640902, was statistically significant in the validation
cohort (p-value = 0.026). Chr16:24640902 is within the gene
body of TNRC6A, a protein expressed in multiple tissues,
including in the left atrium and previously associated with
permanent AF (36). The methylation status of chr16:24640902 in
patients experiencing POAF and in those that do not is shown
in Supplementary Figure 1. Supplementary Table 5 shows the
Pearson correlation of CpGs used in the POAF predictionmodels
with cell type estimates calculated in silico with the reference-
based method for cell type deconvolution. In addition, there is
minimal statistical inflation in our analysis with λ = 1.026 (See
QQ plot in Supplementary Figure 2).

We created two POAF prediction models using clinical
risk factors and methylation data. The methylation POAF
model (Table 3) was developed using three of the most

significant methylation loci and 3 of the most significant
clinical risk factors in the discovery cohort. After feature
selection in the discovery cohort, the methylation POAF
model was trained on discovery cohort data only. The
methylation POAF model had an AUC of 0.83 in the
discovery cohort and 0.79 in the validation cohort. ROC
curves comparing the POAF methylation model performance
in the discovery and validation cohorts to published clinical
models are shown in Figure 3. The AUC of the methylation
loci without clinical risk factors was 0.67 in the validation
cohort (data not shown). An additional POAF prediction
model (Supplementary Table 6) uses chr17:20376906, the
CpG within the chr17: 20376813-20376906 DMR that
was most statistically significant in the discovery cohort,
and 4 additional clinical risk factors. This model had
an AUC of 0.81 in the discovery cohort and 0.67 in the
validation cohort.

We compared the methylation POAF model (Table 3) to two
clinical risk factor POAF models: the CHA2DS2-VASc POAF
model (37) and the Vanderbilt Cardiac Surgery Registry clinical-
only model (21). CHA2DS2-VASc, a tool used to predict the
risk of embolic stroke in patients with AF, has been shown to
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FIGURE 3 | Discovery and Validation Cohort Model Performance. ROC curves and AUCs are shown comparing model performance in the discovery and validation

cohorts for the CHA2DS2-VASc model, the Vanderbilt Cardiac Surgery Registry clinical-only model and the methylation model (3 CpGs + 3 clinical risk factors).

predict POAF (37) and has a scoring system that is familiar
to most clinicians. The Vanderbilt Cardiac Surgery Registry
clinical-only model is a validated prediction model that utilizes
seven risk factors for POAF prediction. The CHA2DS2-VASc
model (37) and the Vanderbilt Cardiac Surgery Registry clinical-
only model (21) had AUCs of 0.62 and 0.74, respectively, in
the validation cohort in our dataset. The methylation POAF
model demonstrated a statistically significant improvement in
prediction in the validation cohort over the CHA2DS2-VASc
model with p-value = 0.00535 by DeLong’s test. Compared to
the Vanderbilt Cardiac Surgery Registry clinical-only model (21),
the methylation POAF model showed a statistically significant
improvement in the discovery cohort (p-value= 0.00117) but not
the validation cohort (p-value= 0.264).

In a separate analysis, we assessed the statistical significance
of 21 CpGs previously shown to be associated with AF in
the Framingham cohort (Supplementary Tables 7, 8) in our
validation cohort. In the validation cohort, the most significant
Framingham CpG was cg12739419 (p-value = 0.033) but it
was not statistically significant after accounting for multiple
hypothesis testing with the Benjamini-Hochberg procedure (38).
The CpG cg12739419, which is known to be associated with
the AF SNP rs3807989 and the gene CAV1 in the Framingham
cohort, demonstrated hypomethylation associated with POAF,
consistent with hypomethylation found at this CpG in the
Framingham cohort.

DISCUSSION

AF is highly prevalent, ranging from 2.7 to 6.1 million affected
individuals in theUnited States and inflicting a cost of∼$6 billion
per year on the healthcare system (39). As the most common

sustained cardiac arrhythmia, AF is associated with increased
risk of stroke, thromboembolism, renal failure, and myocardial
infarction. Approximately 40% of people diagnosed with AF or
heart failure will develop the other condition (39).

POAF in particular exacerbates morbidity and healthcare
costs for patients undergoing what are now routine cardiac
surgeries in medical centers around the world (8–10). Previous
studies have identified genetic (20) and DNA methylation
differences (19, 40) that correlate with AF, but no previous
work has provided a molecular measurement that can be
made in the blood of presurgical patients that will aid
prediction of AF prior to its occurrence. The present study
provides such information for the setting of POAF, enabling
the development of a simple pre-operative blood test that,
when combined with common clinical measurements, can
guide the physician in managing cardiac surgery patients
according to their relative risk. The prospective design
of this study is crucial in that it allows for assessment
of epigenetic marks as risk factors for future disease—
predominantly in patients without a history of AF—rather
than sequelae of disease given the dynamic nature of
DNA methylation.

We present a methylation POAF model with 3 clinical factors
and 3 CpGs that has an AUC of 0.79 in our validation cohort.
We compared this novel prediction model to the CHA2DS2-
VASc POAF model and the Vanderbilt Cardiac Surgery Registry
clinical-only model. Though CHA2DS2-VASc was developed to
determine the risk of embolic stroke in patients with AF, it
has been shown to predict POAF (37), is simple to implement
and has a scoring system that is familiar to most clinicians.
The Vanderbilt Cardiac Surgery Registry clinical-only model
is a validated prediction model that utilizes seven risk factors
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for POAF prediction (21). The combined clinical and DNA
methylation model had higher AUCs than the CHA2DS2-
VASc model (37) and a leading clinical POAF prediction
model (21) which had AUCs of 0.62 and 0.74, respectively,
in our validation cohort. The multicenter risk index for atrial
fibrillation after cardiac surgery (32) is another important
POAF model but was not compared to the methylation model
because post-operative risk factors were not a component of the
current study.

The methylation POAF model had a statistically significant
improvement in prediction over the CHA2DS2-VASc
model in both the discovery and validation cohorts. The
methylation POAF model showed statistically improved
prediction compared to the Vanderbilt Cardiac Surgery
Registry clinical-only model in the discovery cohort only.
This demonstrates that DNA methylation can add predictive
value to clinical risk factors, though the extent to which
this is possible depends on how well the particular clinical
risk factors are represented in the patient population in
question. The methylation POAF model’s performance in
the validation cohort shows clearly improved prediction over
the CHA2DS2-VASc model, demonstrating an improvement
incorporating DNA methylation biomarkers with clinical
predictors. Although the goal of this research was to identify
DNA methylation biomarkers that would be applicable to
patients who present for a variety of elective cardiac surgical
procedures, the diversity of cardiac disease within this cohort
such as those with different forms of valvular heart disease
may limit the application of these models to cardiac surgical
populations which may have a relatively higher proportion
of isolated coronary artery bypass grafting procedures
compared to combined surgical procedures more typical in
the University setting.

In this study, we performed targeted bisulfite sequencing
of CpGs associated with AF in the Framingham cohort
(19). The finding that the Framingham CpGs were not
statistically significant in our validation cohort is consistent with
the notion that POAF (not measured in the Framingham
study) is a clinically distinct manifestation of AF and
has risk factors that are unique compared to AF in the
outpatient setting (41). In addition, because we utilized
RRBS rather than the Infinium HumanMethylation450
BeadChip Array technology used in the Framingham
cohort, the sites associated with POAF in this study were
not measured in the Framingham cohort dataset and
cannot be analyzed to assess their association with AF in
the outpatient setting.

The methodology presented in this study could be
implemented in a precision medicine environment where
an epigenomic risk metric of POAF and other adverse peri-
operative outcomes could be determined from a blood draw
with other routine pre-operative labs. In particular, epigenomic
risk profiles could be of significant value in perioperative
risk stratification and planning perioperative care for each
patient. Further research is needed to refine prediction models
and associations with additional outcomes of interest. The
epigenomic profile of each patient could also help assess

perioperative risk and guide clinical decision making for
patients at risk for POAF and other adverse outcomes. In
addition, it could help guide which drugs or treatments patients
may respond better to given their own perioperative risks
and epigenomic profile. DNA methylation risk loci could
also be targeted directly. In a rat model of spontaneous AF,
administration of the DNA methylation inhibitor decitabine
reduced atrial tachycardia, demonstrating the possibility of
targeting DNA methylation for therapeutic effect (42). It
will also be informative to evaluate whether these or other
epigenomic marks may serve as biomarkers for AF outside
of the context of cardiac surgery. With improvements in
sequencing technology, patient samples can be pooled to
simultaneously undergo targeted bisulfite sequencing for each
individual sample at many loci of interest for reduced cost
compared to RRBS and whole genome bisulfite sequencing.
Targeted bisulfite sequencing costs $25–50 per sample with
results available in ∼2 weeks. Targeted bisulfite sequencing
would ideally be utilized for patients undergoing surgeries
that have a relatively higher risk of adverse outcomes—such as
cardiac surgery—and include epigenetic risk factors for multiple
adverse outcomes that could be used together for optimal
perioperative planning.

Though this is an association study, the prospective study
design and utilization of epigenetic risk factors have the potential
to identify mechanisms impacting POAF susceptibility with
greater granularity than clinical risk factors alone. What are the
molecular mechanisms by which the association between DNA
methylation and risk of AF is established? DNA methylation
in so-called CpG islands is thought to control gene expression
by silencing promoters and regulatory regions (43). Gene body
methylation, however, is associated with increased transcription
(12). The genes nearest to the regions of altered methylation
observed in this study (Table 2) provide some hints about a
potential molecular mechanism acting in cis to regulate the
nearest gene. Chr16:24640902, a CpG statistically significant
in both the discovery and validation cohorts, is within the
gene body of TNRC6A, a protein expressed in many tissues
including the left atrium, associated with miRNA-mediated
gene silencing (44) and previously associated with permanent
AF (36). The significance of micro-RNAs has emerged in
the pathophysiology of AF through electrical and structural
remodeling (45). The other CpGs in the POAF prediction model
have unknown relation to AF. Overall, these sites may reflect
molecular mechanisms in the left atrium that create substrates
for POAF, which then become activated by the physiologic stress
of cardiopulmonary bypass and surgery. Another mechanism
by which altered CpG methylation may control gene expression
and organ phenotype is through chromatin structure, recently
appreciated to be globally remodeled in the setting of heart failure
in human cells and animal models (46, 47). Future studies will
be required to resolve the molecular mechanisms definitively—
however, this study provides a novel set of biomarkers to
be explored clinically in larger cohorts for their ability to
aid in the prediction of AF, toward the goal of preventing
many of the downstream disease sequelae precipitated by
this arrhythmia.
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