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Background-—Diagnosis of atrial fibrillation (AF) can be difficult, requiring cumbersome investigations. We aimed to determine the
association of established whole-blood gene expression scores with prevalent AF and to evaluate their performance for the
identification of AF in a SIRS (Steroids in Cardiac Surgery) trial cohort.

Methods and Results-—Whole-blood, transcriptome-wide gene expression profiling was performed using the Illumina HumanHT-12
Expression BeadChip in 416 participants (65% men) before surgery, including 91 with a diagnosis of AF. An AF gene score (GS)
calculated from 7 genes reported to be upregulated in AF and a validated GS for biological age based on 1254 genes related to
aging were both independently associated with AF diagnosis before surgery in multivariate logistic regression analyses adjusting
for known risk factors (P=0.0006 and P=0.003). Addition of AF and biological age GSs to clinical risk factors led to significant
improvement in area under the receiver operating characteristic curve (from 0.77 to 0.80; P=0.03), continuous net reclassification
improvement index (P<0.0001), and integrated discrimination improvement index (P=0.0002). When stratifying AF by subtype, AF
GS was mainly associated with paroxysmal AF (P=0.003), whereas the biological age GS was mainly associated with permanent AF
(P=0.017).

Conclusions-—We validated the existence of a blood gene expression signature for prevalent AF and showed that biological age
derived from gene expression is significantly associated with prevalent AF. These findings suggest a potential utility of blood gene
expression for the identification of patients with AF, particularly paroxysmal AF. This result could have implications for the
prevention and management of cryptogenic stroke.

Clinical Trial Registration-—URL: http://www.clinicaltrials.gov. Unique identifier: NCT00427388. ( J Am Heart Assoc. 2017;6:
e006057. DOI: 10.1161/JAHA.117.006057.)
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A trial fibrillation (AF) is the most common sustained
cardiac arrhythmia and its prevalence is increasing

worldwide.1 The association of AF with long-term morbidity
and mortality is now well established. Individuals with AF are
at increased risk of stroke (5-fold), heart failure (3-fold), and
all-cause mortality (1.5- to 2-fold).2,3 Anticoagulation therapy

has been demonstrated to reduce the risk of stroke in
patients with AF.4,5 Nevertheless, detection of AF can be
difficult, especially in patients with intermittent forms such as
paroxysmal AF. Randomized trials evaluating long-term
rhythm monitoring in patients with cryptogenic stroke have
shown >5-fold increase in AF detection, which was identified
in up to 15% of cases6,7; however, these types of investigation
are costly and cumbersome, which limits their application on
a large scale.

A whole-blood gene expression signature of prevalent AF
has recently been identified in the Framingham Heart Study,
consisting of 7 upregulated genes including PBX1, a gene
involved in cardiovascular development.8 Transcriptome-wide
gene expression also allows the assessment of biological age.
A recent study based on a meta-analysis of 14 893 persons
proposed a calculation of “transcriptomic age” from 1497
genes differentially expressed with aging. Transcriptomic age
was associated with blood pressure, cholesterol levels, fasting
glucose, and body mass index independent of chronological
age.9 Considering the strong relationship between AF and
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chronological age, we hypothesized that biological age
determined from gene expression could be a potential marker
of AF.

This study aimed to verify the association of the previously
reported AF gene signature and a biological age gene score
(BA-GS) with prevalent AF in a SIRS (Steroids in Cardiac
Surgery) trial cohort and to evaluate their performance to
identify AF and its subtypes.

Methods

Participants
SIRS was an international randomized control trial including
7507 high-risk adult patients undergoing cardiac surgery
involving the use of cardiopulmonary bypass. Participants
were randomized to receive either methylprednisolone
(250 mg at anesthetic induction and 250 mg at initiation
of cardiopulmonary bypass) or placebo. Information on
patient selection and eligibility criteria was published
previously.10,11 A subset of 525 participants from 12
centers located in 4 countries (Canada, United States,
Australia, and Belgium) agreed to participate in the
genomics substudy and provided a fasting blood sample
before the surgery for genetic analyses. The study complies
with the Declaration of Helsinki and was approved by the
Hamilton Integrated Research Ethics Board. All participants
gave written informed consent. We selected only partici-
pants of white race because they represented the vast
majority (497/525; 94.7%) and excluded patients with end-
stage renal failure requiring dialysis (n=7) because of a
potential impact on gene expression.12

Data Collection
Study personnel collected baseline characteristics including
the following AF risk factors: height; weight; smoking status,
categorized as never, recent (within 12 months), and former
(>12 months); systolic and diastolic blood pressure; hyper-
tension; diabetes mellitus; coronary artery disease (previous
angina or myocardial infarction); dyslipidemia; congestive
heart failure; valvular heart disease; chronic renal failure; and
chronic obstructive pulmonary disease.10 ECGs were done
preoperatively, at 24 hours postoperatively, and at hospital
discharge or on postoperative day 4, whichever was earlier.
Diagnosis of AF was recorded based on history and preop-
erative ECG and divided into 3 subtypes: paroxysmal AF,
defined as AF episodes that terminate spontaneously; persis-
tent AF, defined as AF episodes that do not terminate
spontaneously but convert with either electrical or pharma-
cological cardioversion; and permanent AF, defined as AF that
does not terminate either spontaneously or with electrical or
chemical conversion or for which cardioversion has not been
attempted. Onset of AF following surgery was recorded at
discharge and at 30 days (assessed during a follow-up visit).

Gene Expression
Peripheral fasting whole blood was collected in PAXgene
blood tubes the day before or the morning of the surgery and
frozen at �70°C until analysis. RNA was extracted using the
QiaSymphony (Qiagen) automated large-sample nucleic acid
purification system. RNA concentration was assessed using
RiboGreen, and quality was evaluated using a BioAnalyzer lab-
on-chip (Agilent) with the 18S/28S ratio and RNA integrity
score. RNA was then hybridized to the Human HT-12
BeadChip (Illumina), which interrogates 47 323 transcripts.
Samples from patients with AF were randomly distributed on
the chips.

Samples with an outlier pattern of expression or a low
proportion of expressed probes (defined as <1.5 times the
interquartile range below the first quartile) were removed
(n=77). Samples with sex discrepancy according to genotyp-
ing data were removed (n=6). Probes with low level of
expression were removed (detection P value <0.05 for >50%
of samples; n=33 196). Raw data were background corrected
using a normal-exponential convolution model based on
negative control probes, quantile normalized, and log-2
transformed.13 After quality control was applied, 416 samples
and 14 127 probes remained.

Statistical Analyses
The Student t test, Mann–Whitney test, and v2 test were used
as appropriate. A 2-sided P<0.05 was considered significant.

Clinical Perspective

What Is New?

• We validated a blood gene expression signature of the
presence of atrial fibrillation.

• Biological age derived from blood gene expression is also
significantly associated with the presence of atrial fibrilla-
tion.

• Blood gene expression improves discrimination for the
presence of atrial fibrillation over traditional risk factors.

What Are the Clinical Implications?

• Our results highlight the potential of blood gene expres-
sion for the identification of the biological signature of
disease.

• Blood gene expression could be part of a noninvasive
strategy to identify patients with atrial fibrillation, for
example, as part of the investigation of cryptogenic stroke.
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Preprocessing and quality control of gene expression data
were performed using the limma package available through
Bioconductor.14 Probes for genes previously reported to be
upregulated in prevalent AF were isolated (PBX1, GID4, PNP,
TPGS2, SLC7A1, SPTB, ANKH).8 For genes represented by >1
probe, the average expression was used. A meta-analysis
using Stouffer’s Z score method15 was performed to combine
the results of Lin et al8 with those in the SIRS trial cohort.
P values obtained for the 7 genes in each cohort were
transformed in Z scores, which were then combined using
weights determined as the square root of the sample size of
the cohort. An AF gene score (AF-GS) was calculated as the
sum of the expression value for each gene weighted according
to the effect sizes (b coefficients) reported by Lin et al.8

A BA-GS was determined using the method reported by
Peters et al.9 The score was calculated from 1497 genes
significantly associated with chronological age in a meta-
analysis of 14 983 persons of European ancestry. Genes
represented in the expression data (n=1254) were selected
using their ENTREZ gene identifier. When multiple probes had
the same gene identifier, the average was used. Biological age
(expressed in years) was calculated by rescaling BA-GS based
on the chronological age observed in the population (normal
transformation from means and standard deviations). A third
score was created by combining normalized AF-GS and BA-
GS. Post hoc power analyses were performed to evaluate, for
both scores, (1) the power to detect the observed effect size

and (2) the effect sizes that could be detected with 80% and
90% power based on the sample size and the observed
standard deviations at a type I error rate fixed at 5% (2-sided).

Univariate and multivariate logistic regressions were
performed with prevalent AF as the dependent variable.
Models were adjusted for age and sex (model 1) and then for
AF risk factors (model 2): body mass index, height, weight,
smoking status (in the past 12 months and ever), systolic
blood pressure, diastolic blood pressure, hypertension, dia-
betes mellitus, coronary artery disease (defined as previous
angina or myocardial infarction), dyslipidemia, congestive
heart failure, valvular heart disease, chronic renal failure, and
chronic obstructive pulmonary disease. To exclude a potential
confounding effect of blood cell composition, model 2 was
also adjusted for the proportion of white blood cells
(neutrophils, lymphocytes, and monocytes), as determined
using cell deconvolution.16 Odds ratios (ORs) for AF per 1-SD
increase in the gene scores were calculated. As a sensitivity
analysis to eliminate the effect of other potential confounders,
residuals of the gene scores after adjustment for recruitment
center and expression chip were used in the regression
models. Sensitivity analyses were also performed after
excluding patients with known congestive heart failure.

Analyses were then stratified by AF type: paroxysmal AF
(n=31) and permanent AF (n=50). The number of participants
with persistent AF (n=10) was too low to allow reliable
analysis. Each subtype was compared with the group without

n = 525

n = 442

- Samples with outlier pa�ern at visual inspec�on or 
low propor�on of expressed probes (n = 77)

- Sex discrepancy from genotype data (n = 6)

- Non-white (n = 21)
- On dialysis (n = 5)

n = 416

Exclusion

n = 325 controls n = 91 AF cases

n = 31 
Paroxysmal AF

n = 10 
Persistent AF

n = 50 
Permanent AF

Figure 1. Flowchart of study participants. AF indicates atrial fibrillation.
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AF. Additional analyses were performed with onset of AF
following surgery as the outcome.

We evaluated the predictive performance of the models
using the area under the receiver operating characteristic
curve, which were compared using DeLong’s test. Continuous
net reclassification improvement and integrated discrimina-
tion improvement indexes were calculated to determine the
increase in performance when AF-GS and BA-GS were added.
Calibration was evaluated using Hosmer–Lemeshow good-
ness-of-fit test.

All analyses were performed using R software (version
3.2.2).

Results
After quality control, transcriptome-wide gene expression
data for 416 participants were available for analysis,
including 91 with a diagnosis of AF (Figure 1). The median
age was 75.3 years, and 65.4% were men. Main indications
for surgery were cardiac valve replacement (70.2%) and
coronary artery bypass grafting (56.3%). Participants with
AF had lower systolic blood pressure and higher prevalence
of congestive heart failure, valvular heart disease, chronic
obstructive pulmonary disease, and chronic renal failure
(Table 1).

Table 1. Clinical Characteristics of Participants

Prevalent AF No AF P Value*

n 91 325 ���
Age, y 75.8 (71.9–79.8) 75.3 (68.4–79.9) 0.052

Male sex 53 (58.2) 219 (67.4) 0.135

Indication for surgery

Any valve 77 (84.6) 215 (66.2) 0.001

Any CABG 47 (51.6) 187 (57.5) 0.378

Isolated valve 25 (27.5) 81 (24.9) 0.721

Isolated CABG 7 (7.7) 66 (20.3) 0.008

Valve and CABG 35 (38.5) 98 (30.2) 0.169

BMI, kg/m2 27.5 (24.4–31.5) 28.2 (25.4–32.0) 0.420

Height, cm 170.0 (163.5–177.0) 170.0 (163.0–177.0) 0.808

Weight, kg 81.0 (71.0–90.4) 83.0 (72.0–94.3) 0.583

Smoking (recent) 9 (9.9) 42 (13.1) 0.518

Smoking (ever) 59 (64.8) 194 (60.6) 0.544

SBP, mm Hg 128.0 (117.0–141.0) 134.0 (120.0–150.0) 0.002

DBP, mm Hg 70.0 (64.5–80.0) 72.0 (65.0–79.0) 0.855

Hypertension 72 (79.1) 259 (79.7) 1.000

Diabetes mellitus 27 (29.7) 98 (30.2) 1.000

Coronary artery disease 40 (44.0) 178 (54.8) 0.088

Congestive heart failure 41 (45.1) 59 (18.2) <0.0001

Valvular disease 83 (91.2) 260 (80.0) 0.020

COPD 24 (26.4) 49 (15.1) 0.019

Dyslipidemia 58 (63.7) 219 (67.4) 0.599

Chronic renal failure 14 (15.4) 25 (7.7) 0.043

Lymphocytes (relative) 0.32 (0.28–0.37) 0.34 (0.29–0.39) 0.022

Neutrophils (relative) 0.51 (0.47–0.55) 0.51 (0.47–0.54) 0.400

Monocytes (relative) 0.14 (0.13–0.16) 0.14 (0.12–0.16) 0.012

Data are given as median and interquartile range for continuous variables and n and % for categorical variables. Coronary artery disease is defined as a previous history of myocardial
infarction or angina. AF indicates atrial fibrillation; BMI, body mass index; CABG, coronary artery bypass grafting; COPD, chronic obstructive pulmonary disease; DBP, diastolic blood
pressure; SBP, systolic blood pressure.
*Student t test or v2 test, as appropriate.

DOI: 10.1161/JAHA.117.006057 Journal of the American Heart Association 4

Gene Expression Scores in Atrial Fibrillation Th�eriault et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

 by guest on N
ovem

ber 6, 2017
http://jaha.ahajournals.org/

D
ow

nloaded from
 

http://jaha.ahajournals.org/


Gene Scores
All 7 genes previously reported to be overexpressed in AF
had higher mean expression in AF cases than controls,
including 6 with statistically significant higher expression
(P<0.05; Table 2 and Figure 2). Expression was significantly
increased in prevalent AF for the 7 genes when results from
Lin et al8 and the SIRS trial cohort were combined in a
meta-analysis using Stouffer’s Z score method (Figure 3).
The mean weighted gene score (AF-GS) was 3.33 (95%
confidence interval [CI], 3.28–3.37) in participants with AF
and 3.21 (95% CI, 3.19–3.24) in controls (P<0.0001; Table 2
and Figure 2).

Mean biological age (obtained from the expression of 1254
genes) was significantly higher in participants with AF (76.3

[95% CI, 74.6–78.1] versus 72.5 [95% CI, 71.5–73.5];
P=0.0003). Notably, chronological age was not statistically
different between the 2 groups (Table 3 and Figure 4).

Post hoc power analyses showed power of 98% for AF-GS
and 93% for biological age to detect the observed difference
between the mean score in the 2 groups. There was 80%
power to detect a difference of 0.33 SD (0.07 for AF-GS and
3.1 years for biological age) and 90% power to detect a
difference of 0.38 SD (0.09 for AF-GS and 3.6 years for
biological age).

Multivariable Models
In models adjusted for age, sex, and AF risk factors, both gene
scores were significantly associated with prevalent AF (for 1-SD
increase in score, AF-GS: OR: 1.63 [95% CI, 1.23–2.16],
P=0.0006; BA-GS: OR: 2.11 [95% CI, 1.28–3.48], P=0.003;
Table S1). A third score combining AF-GS and BA-GS was
associated with an OR of 2.20 (95% CI, 1.53–3.17; P<0.0001)
for prevalent AF (Figure 5). The associations remained signif-
icant when using residuals of the gene scores after adjustment
for recruitment center and expression chip. Associations
remained significant when participants with congestive heart
failure (n=100) were removed (P=0.015 for AF-GS, P=0.040 for
BA-GS, and P=0.0014 for both scores; Figure S1).

Discrimination
Area under the receiver operating characteristic curve for
identification of AF was 0.77 (95% CI, 0.72–0.82) using only
clinical risk factors, 0.79 (95% CI, 0.74–0.84; P=0.06) when
clinical risk factors were combined with AF-GS, 0.78 (95% CI,
0.73–0.84; P=0.22) when clinical risk factors were combined
with BA-GS, and 0.80 (95% CI, 0.75–0.85; P=0.03) when
clinical risk factors were combined with both gene scores
(Table 4 and Figure 6).

Continuous net reclassification improvement index
(0.52�0.23, P<0.0001) and integrated discrimination
improvement index (0.050�0.019, P=0.0002) indicated mod-
erate improvement in discrimination when the 2 gene scores
were added to clinical risk factors (Table 4). In total, 54 of the
91 participants with AF were reclassified as having a higher
probability of the outcome, and 214 of 320 participants
without AF and with data available for all covariables were
reclassified as having lower probability of the outcome, for an
overall excess of 125 participants reclassified in the right
direction (Table S2). Calibration was adequate in the final
model including both gene scores, as shown by the
nonsignificant Hosmer–Lemeshow goodness-of-fit test
(v2=3.60, P=0.89; Table 4).

When stratified by AF subtype, AF-GS was significantly
associated with paroxysmal AF (P=0.003), whereas BA-GS

Table 2. Normalized Expression for the 7 Previously
Reported Genes and AF-GS

Prevalent AF No AF P Value*

PBX1 5.57�0.57 5.43�0.51 0.034

GID4 5.62�0.47 5.47�0.45 0.007

PNP 7.66�0.72 7.34�0.71 0.0003

TPGS2 6.44�1.06 6.11�0.95 0.008

SLC7A1 7.04�0.62 6.81�0.60 0.002

SPTB 5.43�0.72 5.17�0.62 0.002

ANKH 5.40�0.61 5.35�0.66 0.503

AF-GS 3.33�0.23 3.21�0.22 <0.0001

Data are given as mean�SD. Gene expression is given after background correction,
quantile normalization, and log-2 transformation. AF-GS is a weighted gene score based
on the 7 previously reported genes. AF indicates atrial fibrillation; AF-GS, atrial fibrillation
gene score.
*Student t test.

Figure 2. Normalized expression of the 7 genes included in the
AF gene score in cases and controls. *P<0.05; **P<0.01;
***P<0.001. AF indicates atrial fibrillation; AF-GS, atrial fibrilla-
tion gene score.
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was significantly associated with permanent AF (P=0.017) in
fully adjusted models (Figures S2 and S3). Area under the
receiver operating characteristic curves for identification of
paroxysmal and permanent AF were, respectively, 0.69 (95%
CI, 0.59–0.79) and 0.85 (95% CI, 0.80–0.91) using clinical risk
factors only and 0.75 (95% CI, 0.66–0.84; P=0.17) and 0.86

(95% CI, 0.81–0.92; P=0.42) when clinical risk factors were
combined with both gene scores (Tables S3 and S4,
Figure S4). Continuous net reclassification improvement and
integrated discrimination improvement indexes showed mod-
erate improvement in the models including the 2 gene scores
(Tables S3 and S4). Finally, neither gene score was associated
with the development of AF following cardiac surgery either at
discharge or at 30 days (P>0.05).

Discussion
We report independent associations of a previously described
AF gene expression signature and a gene expression score of
biological age with prevalent AF in a cohort of well-
characterized patients undergoing cardiac surgery. The 2

Figure 3. Meta-analysis of the association between AF and the expression of 7 genes. P value is 2-sided. Results are from the study by Lin
et al.8 and from the SIRS trial cohort. Results were obtained in each cohort using a multivariable model including age, sex, smoking, height,
weight, systolic blood pressure, diastolic blood pressure, prevalent diabetes mellitus, prevalent myocardial infarction, prevalent heart failure, and
antihypertensive treatment. Meta-analysis was performed using Stouffer’s Z score method. Each box represents a Z score; light blue boxes
represent individual studies, and dark blue boxes represent the summary statistic; the size of the box is proportional to the weight given in the
meta-analysis. The gray line represents a null effect (Z=0); the red line represents a significant effect (Z=1.96 corresponding to a 2-sided P value
of 0.05). SIRS indicates Steroids in Cardiac Surgery.

Table 3. Chronological and Biological Age

Prevalent AF No AF P Value*

Chronological age, y 74.8�7.9 72.9�9.8 0.052

Biological age, y 76.3�8.6 72.5�9.5 0.0003

Data are given as mean�SD. AF indicates atrial fibrillation.
*Student t test.
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gene scores significantly improved prevalent AF discrimina-
tion compared with traditional risk factors. AF-GS was mainly
associated with paroxysmal AF, whereas BA-GS was mainly
associated with permanent AF.

We observed a consistent direction of effect for all 7 genes
reported to be upregulated in AF in the Lin et al study8 and
confirmed the directionality of and association with 6 of 7.
Expression of all 7 genes was significantly associated with AF
when results from the 2 studies were combined in a meta-
analysis.

Of note, this previous study was performed in a different
setting (community-based observational cohort) in a younger
population (mean of 66 years) with a lower prevalence of AF
and other comorbidities such as hypertension, diabetes
mellitus, coronary artery disease, and heart failure. The study
also used a different platform for the determination of gene
expression. We show that a weighted score using the reported
effect sizes adds predictiveness to traditional risk factors for
the identification of AF. The mechanisms by which these 7
genes are linked to AF remain unknown. PBX1 is involved in
cardiovascular development,17 and polymorphisms in SLC7A1
were associated with hypertension and endothelial dysfunc-
tion,18 whereas SPTB, ANKH and TPGS2 are expressed in the
atrial appendage.19 A deletion in the region containing GID4
(17p11.2) leads to Smith–Magenis syndrome, which is
associated with congenital heart defects.20 PNP codes for
purine nucleoside phosphorylase, a key enzyme in the
conditioning response to myocardial ischemia.21 Interestingly,
the strongest association was seen for paroxysmal AF, which

Figure 4. Distribution of chronologic and biological age in cases
and controls. ***P<0.001. AF indicates atrial fibrillation.

Figure 5. Multivariate models for the prediction of prevalent atrial fibrillation. ORs (95% CIs) for AF for a 1-SD increase in the score. Model 1
was adjusted for age and sex. Model 2 was adjusted for age; sex; body mass index; height; weight; smoking status (in the previous 12 months
and ever); systolic blood pressure; diastolic blood pressure; hypertension; diabetes mellitus; coronary artery disease; dyslipidemia; congestive
heart failure; valvular heart disease; chronic renal failure; chronic obstructive pulmonary disease; and relative lymphocytes, neutrophils, and
monocytes. AF-GS indicates atrial fibrillation gene score; BA-GS, biological age gene score; CI, confidence interval; GS, gene score; OR, odds
ratio.
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suggests that these genes could be upregulated in early AF
stages.

We also report an association between a whole-blood
transcriptomic measure of biological aging and AF indepen-
dent of chronological age, which, to our knowledge, has never
been reported. The 1254 genes included in the score are
mainly involved in DNA and RNA metabolism, immune
function, mitochondrial function, and regulation of actin
cytoskeleton, lysosome, and fatty acid metabolism.9 The
score was previously associated with blood pressure, choles-
terol levels, fasting glucose, and body mass index, indepen-
dent of age.9 Considering the strong association between
chronological age and AF, it is reasonable to believe that
mechanisms related to aging, such as atrial fibrosis and

autonomic nervous system dysfunction, could be
involved.22,23 Such phenomena could be better estimated
by a measure of biological age such as the one reported.
Interestingly, shorter leukocyte telomere length was previ-
ously shown to be associated with prevalent AF and with the
risk of cardioembolic stroke in patients with AF.24,25

Both scores added complementary information for the
identification of prevalent AF and moderately but significantly
improved discrimination over traditional risk factors. The
reported prediction improvement is comparable to what has
been observed for blood biomarkers such as NT-proBNP (N-
terminal prohormone of brain natriuretic peptide), midregional
pro atrial natriuretic peptide, and high-sensitivity tro-
ponins.26,27 Combining other biomarkers with the reported

Table 4. Predictive Performance, Reclassification, and Discrimination

AUC (95% CI) P Value cNRI (95% CI) P Value IDI (95% CI) P Value Calibration v2 (P Value)

Compared with RF only

RF only 0.769 (0.716–0.823) ��� ��� ��� ��� ��� 5.80 (0.67)

RF+AF-GS 0.791 (0.741–0.841) 0.055 0.468 (0.240–0.696) <0.0001 0.029 (0.009–0.049) 0.005 2.69 (0.95)

RF+BA-GS 0.784 (0.732–0.835) 0.222 0.309 (0.079–0.538) 0.009 0.022 (0.006–0.038) 0.007 4.65 (0.79)

RF+both GSs 0.803 (0.754–0.853) 0.031 0.524 (0.298–0.751) <0.0001 0.050 (0.024–0.076) 0.0002 3.60 (0.89)

Compared with RF+BA-GS

RF+both GSs 0.803 (0.754–0.853) 0.048 0.474 (0.247–0.702) <0.0001 0.028 (0.009–0.047) 0.003 3.60 (0.89)

Compared with RF+AF-GS

RF+both GSs 0.803 (0.754–0.853) 0.219 0.252 (0.021–0.483) 0.032 0.021 (0.007–0.036) 0.004 3.60 (0.89)

RFs for atrial fibrillation from model 2: age; sex; body mass index; height; weight; smoking status (in the previous 12 months and ever); systolic blood pressure; diastolic blood pressure;
hypertension; diabetes mellitus; coronary artery disease; dyslipidemia; congestive heart failure; valvular heart disease; chronic renal failure; chronic obstructive pulmonary disease; and
relative lymphocytes, neutrophils, and monocytes. AF-GS indicates atrial fibrillation gene score; AUC indicates area under the receiver operating characteristic curve; BA-GS, biological age
gene score; cNRI, continuous net reclassification improvement index; GS, gene score; IDI, integrated discrimination improvement index; RF, risk factor.

Figure 6. Receiver operating characteristic curves for the identification of prevalent atrial fibrillation. A, Model including AF-GS compared with
a model including clinical RFs alone. B, Model including BA-GS compared with a model including clinical RFs alone. C, Model including both gene
scores compared with a model including clinical RFs alone. RFs were age; sex; body mass index; height; weight; smoking status (in the previous
12 months and ever); systolic blood pressure; diastolic blood pressure; hypertension; diabetes mellitus; coronary artery disease; dyslipidemia;
congestive heart failure; valvular heart disease; chronic renal failure; chronic obstructive pulmonary disease; and relative lymphocytes,
neutrophils, and monocytes. AF-GS indicates atrial fibrillation gene score; BA-GS, biological age gene score; GS, gene score; RF, risk factors
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scores could further increase the performance, as the
mechanisms involved are likely to be different.

This study suggests a potential value of using blood gene
expression for AF screening. It could be used as a noninvasive
first-tier test to better select patients for rhythm monitoring
for an extended period of time. It could be particularly useful
for the investigation of cryptogenic stroke, in which identifi-
cation of AF, especially paroxysmal AF, remains challenging.
Early detection of AF followed by early intervention including
anticoagulation and rate and rhythm control has been proven
to reduce the risk of adverse outcomes and to improve quality
of life.5,28,29

Our study has some limitations. First, we limited our
analysis to the 7 genes previously associated with AF—larger
studies could identify a more accurate signature, including a
higher number of genes and more precise estimates of effect
sizes—however, the fact that we replicated a previously
reported score eliminates the risk of overfitting and multiple
hypothesis testing. Second, we included only white partici-
pants, which limits the generalizability to other populations.
Third, the SIRS trial was not primarily designed to study AF
and was restricted to patients requiring cardiac surgery;
therefore, results should be replicated in other populations,
including poststroke patients. Further studies should also
evaluate performance to identify subclinical paroxysmal AF
detected by Holter monitoring. Fourth, we cannot evaluate
causality because data on long-term incident cases were not
available; the reported genes could be differentially expressed
as a consequence of AF. Fifth, circulating biomarkers such as
NT-proBNP were not available and could potentially improve
performance for the identification of AF.

Our results also highlight the potential of gene expression
for the identification of the biological signature of disease. We
showed that whole-blood transcriptome-wide gene expression
adds discriminative value over traditional risk factors for the
identification of prevalent AF. The measurement of biological
aging using gene expression is particularly interesting
because it could help predict the broad range of diseases
influenced by aging, including AF. Although improvements in
the diagnostic performance of gene scores are likely with yet
larger and more comprehensive studies, our results suggest
that gene expression is a promising avenue for improving
screening of persons at high risk and management of
cryptogenic stroke.
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Table S1. Parameters of the multivariate model including both gene scores for the 

prediction of prevalent AF 

Variable Estimate SE z-value p-value 

Intercept -27.22 15.25 -1.79 0.074 

AF-GS 2.00 0.62 3.24 0.001 

BA-GS 2.71 0.99 2.74 0.006 

Age 0.03 0.02 1.42 0.157 

Sex 1.08 0.42 2.55 0.011 

BMI 0.09 0.23 0.39 0.695 

Height 0.09 0.08 1.14 0.255 

Weight -0.04 0.08 -0.49 0.625 

SBP -0.03 0.01 -3.42 0.0006 

DBP 0.03 0.02 1.67 0.095 

Hypertension -0.03 0.38 -0.08 0.933 

Coronary artery disease -0.38 0.29 -1.29 0.197 

Heart failure 1.09 0.30 3.64 0.0003 

Valve 0.90 0.45 1.97 0.048 

Smoking recent -0.53 0.51 -1.04 0.300 

Smoking ever -0.06 0.31 -0.21 0.837 

Diabetes -0.09 0.34 -0.27 0.791 

Dyslipidemia -0.36 0.32 -1.13 0.259 

Chronic renal failure 0.82 0.45 1.82 0.069 

COPD 0.85 0.38 2.25 0.025 

Lymphocytes 5.10 6.38 0.80 0.424 

Neutrophils -5.74 6.26 -0.92 0.359 

Monocytes 9.18 8.29 1.11 0.268 

 

BMI: Body-mass index; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; COPD: Chronic 

obstructive pulmonary disease 
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Table S2. Detailed reclassification of participants when adding the gene scores to the clinical model 

 

Outcome Event up Event down Non-event up Non-event down Net absolute reclassification 

All prevalent AF 54 37 106 214 125 

Paroxysmal AF 20 11 116 204 97 

Permanent AF 26 24 125 195 72 

 

Reclassification when adding both gene scores to the clinical model (model 2)   

Numbers in bold represent reclassification in the right direction 

Net absolute reclassification represents the net number of participants correctly reclassified: (Event up - Event down) + (Non-event down - Non-

event up)
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Table S3. Predictive performance, reclassification and discrimination for Paroxysmal AF 

  AUC (95% CI) p-value cNRI (95% CI) p-value IDI (95% CI) p-value Calibration 

2 (p-value) 

Compared to RF only 
 

 
     

RF only 0.691 (0.593 - 0.790) --- --- --- --- --- 1.24 (0.996) 

RF + AF-GS 0.742 (0.656 - 0.828) 0.117 0.282 (-0.085 - 0.65) 0.132 0.039 (0.003 - 0.074) 0.032 8.27 (0.41) 

RF + BA-GS 0.716 (0.626 - 0.806) 0.378 0.274 (-0.090 - 0.638) 0.141 0.010 (-0.006 - 0.026) 0.204 9.67 (0.29) 

RF + Both GSs 0.752 (0.663 - 0.841) 0.167 0.565 (0.212 - 0.918) 0.002 0.052 (0.009 - 0.095) 0.018 10.28 (0.25) 

Compared to RF + BA-GS 
 

 
     

RF + Both GSs 0.752 (0.663 - 0.841) 0.182 0.251 (-0.117 - 0.619) 0.181 0.042 (0.008 - 0.075) 0.015 10.28 (0.25) 

Compared to RF + AF-GS 
 

 
     

RF + Both GSs 0.752 (0.663 - 0.841) 0.630 0.216 (-0.151 - 0.582) 0.250 0.013 (-0.002 - 0.029) 0.083 10.28 (0.25) 

 

RF: risk factors for AF from model 2 (age, sex, BMI, height, weight, smoking status (in the last 12 months and ever), systolic blood pressure, 

diastolic blood pressure, hypertension, diabetes, coronary artery disease, dyslipidemia, congestive heart failure, valvular heart disease, chronic 

renal failure, chronic obstructive pulmonary disease, relative lymphocytes, neutrophils and monocytes) 

AUC: Area under the ROC curve 

cNRI: continuous net reclassification improvement index 

IDI: integrated discrimination improvement index 
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Table S4. Predictive performance, reclassification and discrimination for Permanent AF 

 AUC (95% CI) p-value cNRI (95% CI) p-value IDI (95% CI) p-value Calibration 2  

(p-value) 

Compared to RF only 
 

 
     

RF only 0.853 (0.795 - 0.911) --- --- --- --- --- 8.36 (0.40) 

RF + AF GS 0.855 (0.799 - 0.911) 0.709 0.438 (0.146 - 0.729) 0.003 0.006 (-0.006 - 0.017) 0.353 11.57 (0.17) 

RF + BA GS 0.854 (0.797 - 0.911) 0.905 0.276 (-0.019 - 0.572) 0.067 0.023 (0.003 - 0.044) 0.027 11.31 (0.18) 

RF + Both GSs 0.860 (0.806 - 0.915) 0.419 0.259 (-0.038 - 0.556) 0.088 0.029 (0.004 - 0.054) 0.022 5.73 (0.68) 

Compared to RF + BA-GS 
 

 
     

RF + Both GSs 0.860 (0.806 - 0.915) 0.162 0.335 (0.041 - 0.629) 0.026 0.006 (-0.005 - 0.017) 0.260 5.73 (0.68) 

Compared to RF + AF-GS 
 

 
     

RF + Both GSs 0.860 (0.806 - 0.915) 0.540 0.239 (-0.057 - 0.535) 0.114 0.023 (0.004 - 0.043) 0.018 5.73 (0.68) 

 

RF: risk factors for AF from model 2 (age, sex, BMI, height, weight, smoking status (in the last 12 months and ever), systolic blood pressure, 

diastolic blood pressure, hypertension, diabetes, coronary artery disease, dyslipidemia, congestive heart failure, valvular heart disease, chronic 

renal failure, chronic obstructive pulmonary disease, relative lymphocytes, neutrophils and monocytes) 

AUC: Area under the ROC curve 

cNRI: continuous net reclassification improvement index 

IDI: integrated discrimination improvement index 
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Figure S1.  
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Figure S2.  
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Figure S3.  
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Figure S4.  
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Supplemental Figure Legends: 

 

Figure S1. Multivariate models for the prediction of AF excluding patients with heart failure. 

OR: Odds ratios (95% confidence intervals) for AF for a 1-SD increase in the score; AF-GS: Atrial 

fibrillation gene score; BA-GS: Biological age gene score; GS: Gene score 

Model 1 was adjusted for age and sex 

Model 2 was adjusted for age, sex, BMI, height, weight, smoking status (in the last 12 months and ever), 

systolic blood pressure, diastolic blood pressure, hypertension, diabetes, coronary artery disease, 

dyslipidemia, valvular heart disease, chronic renal failure, chronic obstructive pulmonary disease, relative 

lymphocytes, neutrophils and monocytes 

 

Figure S2. Multivariate models for the prediction of Paroxysmal AF 

OR: Odds ratios (95% confidence intervals) for AF for a 1-SD increase in the score; AF-GS: Atrial 

fibrillation gene score; BA-GS: Biological age gene score; GS: Gene score 

Model 1 was adjusted for age and sex 

Model 2 was adjusted for age, sex, BMI, height, weight, smoking status (in the last 12 months and ever), 

systolic blood pressure, diastolic blood pressure, hypertension, diabetes, coronary artery disease, 

dyslipidemia, valvular heart disease, chronic renal failure, chronic obstructive pulmonary disease, relative 

lymphocytes, neutrophils and monocytes 

 

Figure S3. Multivariate models for the prediction of Permanent AF 
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OR: Odds ratios (95% confidence intervals) for AF for a 1-SD increase in the score; AF-GS: Atrial 

fibrillation gene score; BA-GS: Biological age gene score; GS: Gene score 

Model 1 was adjusted for age and sex 

Model 2 was adjusted for age, sex, BMI, height, weight, smoking status (in the last 12 months and ever), 

systolic blood pressure, diastolic blood pressure, hypertension, diabetes, coronary artery disease, 

dyslipidemia, valvular heart disease, chronic renal failure, chronic obstructive pulmonary disease, relative 

lymphocytes, neutrophils and monocytes 

 

Figure S4. ROC Curves for the identification of prevalent AF by subtypes 

A: Model including AF-GS compared to model including clinical risk factors alone for the identification 

of Paroxysmal AF; B: Model including both GSs compared to model including clinical risk factors alone 

for the identification of Paroxysmal AF; C: Model including BA-GS compared to model including 

clinical risk factors alone for the identification of Permanent AF; D: Model including both GSs compared 

to model including clinical risk factors alone for the identification of Permanent AF. 

RF: Risk factors (age, sex, BMI, height, weight, smoking status (in the last 12 months and ever), systolic 

blood pressure, diastolic blood pressure, hypertension, diabetes, coronary artery disease, dyslipidemia, 

congestive heart failure, valvular heart disease, chronic renal failure, chronic obstructive pulmonary 

disease, relative lymphocytes, neutrophils and monocytes); AF-GS: Atrial fibrillation gene score; BA-GS: 

Biological age gene score; GS: Gene score 
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