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Background—Ceramides exhibit multiple biological activities that may influence the pathophysiological characteristics of atrial
fibrillation (AF). Whether the length of the saturated fatty acid carried by the ceramide or their sphingomyelin precursors are
associated with AF risk is not known.

Methods and Results—Among 4206 CHS (Cardiovascular Health Study) participants (mean age, 76 years; 40% men) who were
free of prevalent AF at baseline, we identified 1198 incident AF cases over a median 8.7 years of follow-up. We examined 8
sphingolipid species: ceramide and sphingomyelin species with palmitic acid and species with very-long-chain saturated fatty acids:
arachidic; behenic; and lignoceric. In adjusted Cox regression analyses, ceramides and sphingomyelins with very-long-chain
saturated fatty acids were associated with reduced AF risk (ie, per 2-fold higher ceramide with behenic acid hazard ratio, 0.7 1; 95%
Cl, 0.59-0.86; sphingomyelin with behenic acid hazard ratio, 0.60; 95% Cl, 0.46—0.77). In contrast, ceramides and sphingomyelins
with palmitic acid were associated with increased AF risk (ceramide with palmitic acid hazard ratio, 1.31; 95% Cl, 1.03-1.66;
sphingomyelin with palmitic acid hazard ratio, 1.73; 95% ClI, 1.18-2.55). Associations were attenuated with adjustment for NT-
proBNP (N-terminal pro-B-type natriuretic peptide), but did not differ significantly by age, sex, race, body mass index, or history of
coronary heart disease.

Conclusions—Our findings suggest that several ceramide and sphingomyelin species are associated with incident AF, and that
these associations differ on the basis of the fatty acid. Ceramides and sphingomyelins with palmitic acid were associated with
increased AF risk, whereas ceramides and sphingomyelins with very-long-chain saturated fatty acids were associated with reduced
AF risk. (/ Am Heart Assoc. 2020;9:e012853. DOI: 10.1161/JAHA.119.012853.)
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States currently live with AF, a number that is expected to
grow to 12 million by 2030, and identification of new risk
factors associated with AF later in life is of considerable public
health importance. '

Ceramides are lipids made of a sphingoid backbone to
which one fatty acid is N acylated. Ceramides play a role in
oxidative stress and inflammation, processes that influence
atrial fibrosis and remodeling.3’7 In addition, ceramides are
involved in apoptosis, and animal studies suggest apoptosis in
the context of fibrosis may be part of the pathophysiological
characteristics of AF.2'? More important, ceramide species
that have saturated fatty acids of different lengths show

Q trial fibrillation (AF) is the most common cardiac
arrhythmia and is associated with increased risk of
stroke and death. More than 3 million people in the United
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different biological activities in experimental studies; in
particular, ceramide with palmitic acid (Cer-16) promotes
apoptosis, whereas ceramide with a very-long-chain saturated
fatty acid (VLSFA) actually prevent apoptosis.13
Sphingomyelins, which may also be related to AF risk, have
the same base structure as ceramides but with the addition of a
choline head group. Ceramides can be derived from sphin-
gomyelins by sphingomyelinases activated by proinflammatory
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Clinical Perspective

What Is New?

» Several ceramides and sphingomyelins were associated
with atrial fibrillation risk among 4206 participants in the
CHS (Cardiovascular Health Study).

» Ceramide and sphingomyelin species with palmitic acid
were associated with increased risk of atrial fibrillation,
whereas species with a very-long-chain saturated fatty acid
were associated with reduced risk.

What Are the Clinical Implications?

Although the study design precludes causality, the study
indicates that plasma ceramides and sphingomyelins may
influence the risk of atrial fibrillation independent of
traditional cardiovascular disease risk factors.
 Attenuation of associations after adjustment for NT-proBNP
(N-terminal pro-B-type natriuretic peptide) suggests that
ceramides and sphingomyelins may impact atrial fibrillation
risk in part by influencing myocyte pressure load.

cytokines, oxidative stress, or ischemia.'® ' Of note, we have
reported that higher levels of several VLSFAs (arachidic [20:0],
behenic [22:0], and lignoceric [24:0]) measured in phospholipids,
which include phosphoglycerolipid and sphingomyelin fatty
acids, were associated with lower risk of AF."® Whether
circulating levels of ceramides and sphingomyelins are associ-
ated with incident AF, and whether the associations vary with the
length of the fatty acid, is not known.

The goals of this analysis were to assess whether ceramide
and sphingomyelin species with a VLSFA are associated with
reduced risk of AF and whether species with palmitic acid are
associated with increased risk of AF, within the CHS
(Cardiovascular Health Study).

Methods

Data, analytical methods, and study materials will not be
made available to other researchers for purpose of reproduc-
ing the results or replicating the procedure. The authors are
not authorized to share CHS data.

Study Design and Setting

The CHS is a prospective cohort study of risk factors for
cardiovascular disease in community-dwelling adults aged
>65 years. A detailed description of the study design and
procedures can be found elsewhere.'”'® Briefly, in 1989/
1990 and 1992/1993, 5888 participants were randomly
selected from Medicare beneficiary lists and recruited from 4

field centers located in Forsyth County, North Carolina;
Sacramento County, California; Washington County, Maryland;
and Pittsburgh, Pennsylvania. Institutional Review Boards at
each field center approved the CHS, and written informed
consent was obtained from all study participants.

Data Collection

Between 1989 and 1999, participants underwent annual
study examinations that included personal interviews, phys-
ical examinations, laboratory assessments, and diagnostic
tests. This included height, weight, and blood pressure
measurement, questions about tobacco and alcohol use,
medical history, and an ECG. High-density lipoprotein (HDL)
and low-density lipoprotein (LDL) cholesterol, CRP (C-reactive
protein), fibrinogen, NT-proBNP (N-terminal pro-B-type natri-
uretic peptide), and troponin T were measured at the 1992 to
1993 examination. The study examination from which sphin-
golipids were measured (1992-1993 or 1994-1995) formed
the study baseline for this analysis, and participant charac-
teristics were drawn from that examination.

Sphingolipid Measurement

Ceramide and sphingomyelin species were measured using
fasting EDTA-plasma samples collected at the 1994 to 1995
examination (N=4026) and from the 1992 to 1993 examina-
tion for participants without a 1994 to 1995 plasma sample
(N=586). Plasma samples were stored at —70°C until they
were extracted. Sphingolipids were then quantified by liquid
chromatography—tandem mass spectrometry in the laboratory
of AN.H. at the University of Washington; a detailed
description of the measurement methods has been described
previously.'® We examined 8 sphingolipid species: ceramide
and sphingomyelin with palmitic acid (Cer-16 and SM-16),
with arachidic acid (Cer-20 and SM-20), with behenic acid
(Cer-22 and SM-22), and with lignoceric acid (Cer-24 and SM-
24; Cer-24 was computed as the sum of 2 ceramide species
with distinct “d181” and “d182” sphingoid backbones.
Sphingolipid concentrations were determined using a single
point calibrator, made from a pooled EDTA plasma sample
that was added to each batch in 5 replicates. A quality control
sample from an independent pool of EDTA plasma was added
to each batch and run in duplicate; over 52 batches,
coefficients of variation for each of the sphingolipid measure-
ments were <20%.

Identification of Incident AF

Incident AF, which we defined as AF and/or flutter, was
identified through ECGs performed at annual study examina-
tions (from 1992/1993 through 1999) and through hospital
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discharge records (through 2012). Study ECGs were read by
the CHS Electrocardiography Reading Center, which validated
diagnoses of AF. Hospitalization records were reviewed for
International Classification of Diseases, Ninth Revision (ICD-9),
codes for AF or atrial flutter (427.3, 427.31, or 427.32). AF
that occurred during hospitalizations for open heart surgery
were excluded; however, if subsequent records indicated AF
unrelated to open heart surgery, the date of the subsequent
AF occurrence was identified as the onset date for AF.

Statistical Analysis

Analyses were limited to participants without a history of AF
or AF on the study ECG at the time of sphingolipid
measurement (baseline). Associations of sphingolipid levels
with incident AF were assessed using Cox proportional
hazards models. Participants began accruing time at risk at
the time of their sphingolipid measurement and were followed
up until the earliest of diagnosis of AF, death or dropout, or
November 30, 2012. Sphingolipid levels were log (base 2)
transformed, and results are presented per 2-fold higher
concentration of each sphingolipid, which is comparable to
the difference between the 90th and 10th percentiles of each
sphingolipid species (Table S1). We assessed 3 sets of models
with a priori selected baseline characteristics as adjustment
terms: model 1 (minimally adjusted model) included adjust-
ment for baseline age, sex, race (black versus other), and study
site; model 2 (adjusted model) included model 1 with additional
adjustment terms for body mass index (BMI), systolic blood
pressure, treated hypertension, HDL, LDL, PR interval, smoking,
alcohol use, and prevalent diabetes mellitus, heart failure, and
myocardial infarction; and model 3 (primary model) included
model 2 with additional adjustment for one of the other
species: Cer-16 and SM-16 models include adjustment for Cer-
22 and SM-22, respectively; Cer-20, Cer-22, and Cer-24 and
SM-20, SM-22, and SM-24 models include adjustment for Cer-
16 and SM-16, respectively.

Missing values of HDL (n=276), LDL (n=203), and PR
interval (n=304) were multiply imputed using information on
age, sex, race, BMI, and smoking. Twenty imputed data sets
were generated, and model fitting results were pooled using
standard methods.?® To correct for multiple comparisons, we
assessed statistical significance at a P<0.0063 (0.05/8
sphingolipid species) threshold.

In sensitivity analyses, we repeated our primary analysis
with additional adjustment for log-transformed CRP, NT-
proBNP, troponin T, and fibrinogen, which were measured at
the 1992 to 1993 examination. We also evaluated models
with and without adjustment for plasma phospholipid satu-
rated fatty acid of the same length as the one in the ceramide
or sphingomyelin species among participants with plasma
phospholipid fatty acid measures at the 1992 to 1993

examination (n=3230). Only participants with HDL and LDL
measurements at the 1992 to 1993 examination were
included in the sensitivity analyses.

We also examined whether associations between cera-
mides and sphingomyelins and AF risk were modified by age,
sex, race, BMI, and prevalent coronary heart disease as a
sensitivity analysis by adding product interaction terms to the
models above. Ten-year C-statistics for models with and
without each ceramide and sphingomyelin species were
based on receiver-operating characteristic curve estimates
that can accommodate censored data; specifically, the
nearest neighbor estimation method was used.?' Schoenfeld
residuals and models stratified by quartile of survival time
were reviewed to assess whether assumptions of proportional
hazards were violated, and models of log-transformed sphin-
golipids fit with cubic splines were used to check for
nonlinearity. Analyses were performed using Stata, version
14, and R, version 3.6.2.

Of the 4612 participants from whom sphingolipids were
measured, 406 had a history of AF or AF on the study ECG at
the time of blood draw and were excluded, leaving 4206
participants eligible for analyses.

Results

Baseline characteristics of the 4206 included participants, as
well as the distributions of these characteristics across
quartiles of each of the sphingolipids, are presented in
Figure 1. Within this population of older (mean age, 76 years)
and predominantly female (60%) adults, 16% of participants
self-reported as black, smoking and alcohol consumption
were uncommon, and most were free of underlying prevalent
cardiovascular disease at baseline.

In univariate analyses, presented as trend lines in Figure 1,
participants with high levels of circulating ceramides were
more likely to have higher BMIs, prevalent diabetes mellitus,
higher LDL and CRP levels, lower HDL levels, and higher heart
rates than those with lower ceramide levels. Participants with
high sphingomyelin levels were more likely to be younger,
women, and black, more likely to have higher HDL and LDL
levels and shorter PR intervals, and less likely to have
prevalent heart failure than those with lower sphingomyelin
levels.

Over an average 8.7 years of follow-up (median, 8.9 years;
maximum, 17 years), 1198 cases of incident AF were
identified (incidence rate, 33 per 1000 person-years); hazard
ratios (HRs) and 95% Cls of AF risk with sphingolipid levels are
presented in Figure 2 and Table S2. A 2-fold higher level of
each of the ceramides with VLSA (Cer-20, Cer-22, and Cer-24)
was associated with a 28% to 36% reduced risk of incident AF
in models adjusted for age, sex, race, study site, BMI, systolic
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Cer-16 Cer-20 Cer-22 Cer-24 SM-16 SM-20 SM-22 SM-24

Mean (SD) Trend Q1,04 Trend Q1,04 Trend Q1,04 Trend Q1,04 Trend Q1,04 Trend Q1,04 Trend Q1,Q4 Trend Q1,Q4
Age, years 76(5) " 76,77 — 76,77 ~_ 77,76 77,76 7 76,77 S~ 77,75 ~~_ 7875 78,75
Sex, % male 40% v 42,37 S— 47,3 N\ 42,38 38,41 Sl 51,29 S 5527 N 49,29 43,36
Race, % black 16% 19,14 _—" 10,22 " 1516 16,16 _ - 829 __~ 142 __~ 11,24 13,22
Education, years 14 (6) 15,14 \—\ 15,13 \\ 15,14 S 14,14 N 14,14 7 14,14 N\ 14,14 14,14
Body mass index, kg/m? 27(5) N\ W26 AT AT L 2627 T 2621 N 21,28 7 621 o 2677 27,26
Systolic blood pressure, mmHg 135 (21) “ 135,136~ 133,136 /132,136 _/ 133,136 / 133,137~/ 134,135 /134,136 " 134,136
Treated hypertension, % 53% -~ 54,52 / 49,56 /49,54 _~ 51,53 53,54 7\ 54,50 \,/ ™ 5553 \—_ 56,51
Current smoker, % 9% s .~ 1n o7 1 7 i L/ 81 /9,10 7 810 " g1
Past smoker, % 44% 47,46  N\__ 46,42 N\ 4544 T 42,44 \\ 49,39 - 47,82 T~ 46,42 . 44,43
Current alcohol consumption, % 28% 34,23 TSN 3520 TS 36,19 /N 27,27 TN\ 31,23 29,26 TN 32,22 > 25,27
Prevalent diabetes, % 13% 115 _ 7 1017 _ S 820 _ 7 917 SN 17,10 N\__ 14,12 ./ 12,14 ~/ 13,14
HDL*, mg/dL 54 (14) 56,52 N 56,51 ™~ 57,49 ™~ 56,51 _-—" 49,59 _—~ 50,58 _~— 51,56 _-— 51,56
LDL*, mg/dL 128(34) _~— 115139 _~" 116,138 _~ 113,139 _~ 113,140 _— 110,144 / 109,145 _— 110,145 _— 113,144
CRP*, mg/L 5292 _./ 4567 _—" 4463 __/ 4663 _/ 5056 _/~ 4952 7 5354 ./ 51,59 /7 5352
NT-proBNP*, ng/L 253(554) .~ 205,311 ~ . 261,237 . 276,213 \‘\ 283,203 /" 201,292 \_ 347,205 \___ 360,205 “\.___ 336,210
Troponin T*, ng/L 8.6(11.4) __~ 76,107 - 91,86 -\ 8584 /" 8887 ./ 87,89 \__ 109,76 \__ 110,74 N—_ 101,76
Fibrinogen*, mg/dL 328(68) __ 319,342 / 314,342 317,335 7 320,331 _ 7 321,337 __/ 326,329 _ .~ 325333 326,329
Heart Rate 64(11) __~ 63,67 _~ 63,67 _— 62,66 _— 63,66 __/ 6466 __~ 6465 _ 6465 _ /> 64,64
PR interval, msec 173(34) .~ 175,173 '“\ 174,170 \/\ 176,171 . 175,172 N\ 177,170 \_ 177,170 “—_ 178,169 \,\ 177,171
LV hypertrophy, % 5% "~ 57 BF S ] ~’ 67 7 46 /. 55 N\ 55
Prevalent HF, % 6% /51 __/ 58 66 ~_- 67 N 94 \ 8,5 \,\ 8,4
History of MI, % 10% 911 ~,/ 1010 /1,11 N\ 109 SN 13,7 N 129 N\ 129
History of Stroke, % 6% I e T 67 _—~" 48 “\_ 65 /N 66 N, 65

Figure 1. Participant mean baseline characteristics and trends across quartiles of sphingolipids among 4206 CHS (Cardiovascular Health
Study) participants. *Measured in 1992 to 1993 for all participants. The colored graphics show means or percentages of each characteristic
across quartiles of each of the sphingolipids. Unadjusted linear and logistic regression models were used to assess statistically significant
(P<0.0022; 0.05/23 characteristics) associations of log-transformed sphingolipids with each characteristic; statistically significant positive
trends are blue, statistically significant negative trends are red, and gray indicates P>0.0022. Cer-16 indicates ceramide with palmitic acid; Cer-
20, ceramide with arachidic acid; Cer-22, ceremide with behenic acid; Cer-24, ceremide with lignoceric acid; CRP, C-reactive protein; HDL, high-
density lipoprotein; HF, heart failure; LDL, low-density lipoprotein; LV, left ventricle; MI, myocardial infarction; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; Q1, quartile 1 (the mean or percentage of each characteristic among participants with a sphingolipid level in the lowest 25%
of the distribution); Q4, quartile 4 (the mean or percentage among participants with a sphingolipid level in the highest 25% of the distribution);
SM-16, sphingomyelin with palmitic acid; SM-20, sphingomyelin with arachidic acid; SM-22, sphingomyelin with behenic acid; SM-24,

sphingomyelin with lignoceric acid.

blood pressure, treated hypertension, smoking, alcohol use,
HDL, LDL, PR interval, prevalent diabetes mellitus, heart
failure, myocardial infarction, and Cer-16 (Cer-20 HR, 0.72;
95% Cl, 0.61-0.84; Cer-22 HR, 0.71; 95% Cl, 0.59-0.86; Cer-
24 HR, 0.64; 95% Cl, 0.50-0.81). In similar models that
included adjustment for SM-16 instead of Cer-16, 2-fold
higher levels of SM-20 and SM-22 were associated with a 40%
to 45% reduced risk of incident AF (SM-20 HR, 0.55; 95% ClI,
0.43-0.71; SM-22 HR, 0.60; 95% Cl, 0.46-0.77).

In similar ceramide and sphingomyelin models adjusted for
ceramide and sphingomyelin species with behenic acid (Cer-
22 and SM-22), SM-16 was associated with an increased risk
of AF (per 2-fold higher SM-16 HR, 1.73; 95% Cl, 1.18-2.55).
There was a suggestion that Cer-16 was associated with an
increased risk of AF, although the association with Cer-16 did
not meet our prespecified threshold of statistical significance
(per 2-fold higher Cer-16 HR, 1.31; 95% Cl, 1.03—1.66).

Models that included adjustment for CRP, fibrinogen,
troponin T, and NT-proBNP are presented in Table S3.
Adjustment for CRP and fibrinogen resulted in similar
estimates relative to the primary analysis; adjustment for
NT-proBNP and, to a lesser extent, troponin T resulted in
attenuated associations.

There was no evidence that associations of sphingolipids
with incident AF were modified by age, sex, race, BMI, or
prevalent coronary heart disease (Table S4). Adjustment for
phospholipid saturated fatty acids of corresponding length did
not alter associations of the ceramides and sphingomyelins
carrying the same fatty acid with AF risk (Table S5). The
addition of each of the ceramide and sphingomyelin species
resulted in small improvements to AF classification (Table S6).
The assumption of proportional hazards was not violated in
any analysis, and there was no evidence of departure from
linearity.

Discussion

In this population of older adults in whom incident AF was
relatively common, ceramides and sphingomyelins with
palmitic acid were associated with increased AF risk, whereas
ceramides and sphingomyelins with a VLSFA were associated
with reduced AF risk. These associations were independent of
other risk factors, and did not differ by subgroups, including
age, sex, race, BMI, or prevalent coronary heart disease.
Our underlying hypothesis is that ceramide species with a
VLSFA (Cer-20, Cer-22, and Cer-24) may influence AF via an
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Cer-16 - -
Cer-20 e = Model 1
Cer-22 ’—OH © Model 2
o ¢ Model 3
Cer-24 L
| B
SM-16 ° .
S
SM-20 °
SM-22 ®
- m
SM-24 +®
0.40 0.60 0.80 1.00 1.50 2.00 3.00
Hazard Ratio

Figure 2. Risk of incident atrial fibrillation per 2-fold higher
sphingolipid level. Hazard ratios and 95% Cls are presented; each
line represents a separate model. Model 1 includes adjustment
for age, sex, race, and study site; model 2 includes model 1
adjustment terms and additional adjustment for body mass index,
systolic blood pressure, treated hypertension, smoking, alcohol
use, high-density lipoprotein, low-density lipoprotein, PR interval,
prevalent diabetes mellitus, heart failure, and history of myocar-
dial infarction; in model 3, in addition to model 2 adjustment
terms, ceramide with palmitic acid (Cer-16) and sphingomyelin
with palmitic acid (SM-16) include adjustment for ceremide with
behenic acid (Cer-22) and sphingomyelin with behenic acid (SM-
22), respectively; ceramide with arachidic acid (Cer-20), Cer-22,
ceremide with lignoceric acid (Cer-24) and sphingomyelin with
arachidic acid (SM-20), SM-22, and sphingomyelin with lignoceric
acid (SM-24) include adjustment for Cer-16 and SM-16,
respectively.

action on apoptosis. Although population-level studies in this
area are limited, experimental studies suggest that apoptosis
contributes to AF risk; in particular, expression of apoptotic
inducers is elevated in atrial tissue, and inactivation of
caspase 3, a key apoptotic enzyme, suppresses apoptosis and
prevents intra-atrial conduction delay and AF."°"'? Ceramides
with a VLSFA have been shown to protect from apoptosis in a
variety of cell lines and animal systems, and protect from
cardiomyocyte loss in animal studies.*'*?%23 Qur findings,
complimented by these cell and animal studies, suggest that
reduced AF risk with greater levels of ceramides with VLSFA
may be attributable to suppression of apoptosis. Furthermore,
associations of ceramides and sphingomyelins with AF were
attenuated after adjustment for NT-proBNP, a marker of
myocyte pressure load, indicating a possible impact of
ceramides and sphingomyelins on cardiac function.
Mechanisms through which sphingomyelin species con-
tribute to AF risk have not been established. The major
biological role of sphingomyelin is as a structural component
of membranes, where it contributes to the stability of
membrane domains and may influence integral membrane

proteins and ion channels.?* In addition, sphingomyelin in
plasma membranes and circulating lipoproteins are converted
into ceramide by the neutral sphingomyelinase-2 when
activated by cytokines, oxidative stress, or ischemia reperfu-
sion.”® It is possible that the parallel results we observed
between sphingomyelin and ceramide species with the risk of
AF reflects a single mechanistic pathway resulting from
ceramide being produced from sphingomyelin. Adjustment for
plasma phospholipid saturated fatty acids did not alter the
magnitude of association of sphingolipid species with AF risk,
indicating that the sphingolipid associations are independent
of associations previously observed with phospholipid fatty
acids. '

We observed that the associations of ceramide and
sphingomyelin with AF risk are similar after adjustment for
CRP and fibrinogen, markers of inflammation. Ceramides play
a role in inflammation and cytokines and are among factors
known to influence atrial fibrosis, suggesting a possible
mechanism for Cer-16 association with AF.>* In our study,
both CRP and fibrinogen were measured 2 years before the
sphingolipid measurement, so we cannot assess with cer-
tainty whether Cer-16 is a marker of inflammation or whether
the association of Cer-16 with AF risk is mediated by general
inflammation.

Strengths of this study include the prospective study
design, the detailed and thorough assessment of ceramide
and sphingomyelin species and other covariates, and the large
number of identified incident AF cases. The study also has
several limitations. By nature, our study was observational
and we cannot infer causation. We were not able to
differentiate between permanent AF and paroxysmal AF, and
because AF is often transient and/or asymptomatic, it is likely
that we failed to identify cases who were not in AF at the time
of their study ECG or who were not hospitalized for AF during
follow-up. Study participants were predominately white, with a
mean baseline age of 76 years, and our findings may not
generalize to other ethnicities or younger populations. Finally,
HDL, LDL, CRP, fibrinogen, NT-proBNP, and troponin T were
only measured at the 1992 to 1993 study examination, and
may not accurately reflect their levels at baseline for partic-
ipants whose sphingolipids were measured in 1994 to 1995.

Previous research linked plasma phospholipid VLSFA with
AF risk'® our findings further advance that research by
identifying specific ceramide and sphingomyelin species that
are associated with AF risk. Additional studies will be needed
to replicate these findings in younger populations, to establish
determinants of plasma levels of ceramide and sphingomyelin
species, and to evaluate whether ceramide and sphingomyelin
levels may have clinical utility as potential components of AF
risk scores.

In summary, we report novel associations of ceramide and
sphingomyelin species with incident AF. If the associations
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prove to be causal, increasing levels of ceramide and
sphingomyelin species with a VLSFA and lowering levels of
species with palmitic acid may be useful therapeutic targets
for the prevention of AF.
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Table S1. Plasma concentrations and correlations of sphingolipid species.

Concentration (ug/mL) Spearman correlation

Fold difference
between 90th

10th 90th and 10th
Specie  Mean SD  percentile percentile percentiles Cer-16 Cer-20 Cer-22 Cer-24 SM-16 SM-20 SM-22 SM-24
Cer-16  0.27 0.06 0.20 0.34 1.7 1.00
Cer-20 0.08 0.03 0.05 0.12 2.3 0.52 1.00
Cer-22 0.63 0.19 0.41 0.86 2.1 0.60 0.60 1.00
Cer-24 450 1.08 3.25 5.89 1.8 0.59 0.49 0.87 1.00
SM-16 125.30 19.37 102.37 150.57 1.5 0.45 0.32 0.23 0.29 1.00
SM-20 17.86 3.57 13.54 22.41 1.7 0.30 0.36 0.46 0.47 0.49 1.00
SM-22 26.86 5.88 19.78 34.13 1.7 0.34 0.30 0.56 0.52 0.58 0.78 1.00
SM-24 1441 3.54 10.31 18.86 1.8 0.29 0.10 0.39 0.48 0.54 0.66 0.90 1.00

Cer denotes ceramide; SM, sphingomyelin



Table S2. Risk of incident atrial fibrillation per two-fold higher sphingolipid level.

Model 1 Model 2 Model 3
HR 95% ClI p HR 95% CI p HR 95% CI p
Cer-16 1.04 (0.86,1.25) 0.6762 1.01 (0.83,1.23) 0.8880 1.31 (1.03,1.66) 0.0274
Cer-20 0.82 (0.72,0.93) 0.0015 0.78 (0.68, 0.90) 0.0004 0.72 (0.61, 0.84) <0.0001
Cer-22 0.85 (0.74,0.99) 0.0312 0.80 (0.68,0.94) 0.0058 0.71 (0.59,0.86) 0.0004
Cer-24 0.81 (0.68,0.96) 0.0173 0.77 (0.64,0.92) 0.0052 0.67 (0.54,0.83) 0.0003
SM-16 1.00 (0.76,1.32) 0.9999 1.12 (0.82,1.55) 0.4724 1.73 (1.18,2.55) 0.0051
SM-20 0.62 (0.50,0.76) <0.0001 0.64 (0.51,0.81) 0.0002 0.55 (0.43,0.71) <0.0001
SM-22 0.73 (0.60,0.88) 0.0010 0.74 (0.60, 0.91) 0.0049 0.60 (0.46,0.77) 0.0001
SM-24 0.80 (0.68,0.95) 0.0118 0.85 (0.71,1.02) 0.0840 0.76 (0.61,0.94) 0.0124

Model 1 includes adjustment for age, sex, race, and study site; Model 2 includes Model 1 adjustment terms and additional adjustment for body
mass index, systolic blood pressure, treated hypertension, smoking, alcohol use, high-density lipoprotein, low-density lipoprotein, PR-interval, and
prevalent diabetes, heart failure, and history of myocardial infarction; in model 3, Cer-16 and SM-16 include adjustment for Cer-22 and SM-22,
respectively; Cer-20, -22, -24, and SM-20, -22, and -24 include adjustment for Cer-16 and SM-16, respectively. Significance was evaluated as
p<0.0063. HR denotes hazard ratio; Cl, confidence interval; Cer, ceramide; SM, sphingomyelin.



Table S3. Risk of incident atrial fibrillation per two-fold higher sphingolipid, adjusted for additional biomarkers.

CRP (n=3,847) Fibrinogen (n=3,858) NT-proBNP (n=3,415) Troponin T (n=3,414)

HR 95% ClI p HR 95% ClI p HR 95% CI p HR 95% CI p
Cer-16 1.25 (0.98,1.61) 0.0766 1.29 (1.00,1.65) 0.0464 1.00 (0.77,1.31) 0.9810 1.16 (0.89,1.51) 0.2677
Cer-20 0.72 (0.61,0.85) 0.0001 0.71 (0.61, 0.84) <0.0001 0.82 (0.69, 0.97) 0.0246 0.74 (0.62,0.88) 0.0007
Cer-22 0.69 (0.56,0.84) 0.0002 0.69 (0.56,0.84) 0.0002 0.86 (0.69,1.06) 0.1520 0.70 (0.56, 0.86) 0.0006
Cer-24 0.63 (0.50,0.79) 0.0001 0.65 (0.51,0.81) 0.0002 0.82 (0.64,1.05) 0.1089 0.65 (0.51,0.83) 0.0005
SM-16 1.94 (1.30,2.88) 0.0011 1.80 (1.21,2.69) 0.0037 1.12 (0.72,1.72) 0.6209 1.62 (1.05,2.48) 0.0279
SM-20 0.56 (0.43,0.73) <0.0001 0.58 (0.45,0.76) 0.0001 0.79 (0.59,1.05) 0.1001 0.62 (0.47,0.82) 0.0008
SM-22 0.56 (0.43,0.73) <0.0001 0.60 (0.46,0.79) 0.0002 0.86 (0.65,1.15) 0.3167 0.65 (0.49,0.86) 0.0027
SM-24 0.71 (0.56,0.89) 0.0030 0.75 (0.59,0.94) 0.0115 0.96 (0.75,1.23) 0.7473 0.78 (0.62,1.00) 0.0471

Each line represents four separate models; one for each biomarker. Models include adjustment for age, sex, race, study site, body mass index,
systolic blood pressure, treated hypertension, smoking, alcohol use, high-density lipoprotein, low-density lipoprotein,, PR-interval, and prevalent
diabetes, heart failure, and history of myocardial infarction; Cer-16 and SM-16 include adjustment for Cer-22 and SM-22, respectively; Cer-20, -22,
-24, and SM-20, -22, and -24 include adjustment for Cer-16 and SM-16, respectively. HR denotes hazard ratio; Cl, confidence interval, Cer,
ceramide; SM, sphingomyelin; CRP, C-reactive protein; NT-proBNP, N-terminal prohormone of brain natriuretic peptide.



Table S4. Beta coefficients and 95% confidence intervals for interactions terms of sphingolipids with age, sex, BMI, race, and prevalent
CHD in Cox regression models of incident atrial fibrillation.

Age interaction Sex interaction BMI interaction Race interaction CHD interaction
Beta 95% ClI p Beta 95% ClI p Beta 95% CI p Beta 95% CI p Beta 95% ClI p
Cer-16 0.00 (-0.03,0.03) 0.96 -0.02 (-0.39,0.36) 0.92 0.01 (-0.04,0.05) 0.80 0.1 (-0.51,0.72) 0.74 -0.23 (-0.66,0.20) 0.29
Cer-20 0.00 (-0.02,0.03) 0.75 0.11 (-0.13,0.36) 0.37 -0.01 (-0.04,0.01) 0.35 0.12 (-0.23,0.46) 0.51 0.17 (-0.11,0.45) 0.24
Cer-22 0.01 (-0.02,0.04) 0.40 -0.14 (-0.42,0.14) 0.33 0.00 (-0.03,0.04) 0.78 0.32 (-0.16,0.79) 0.19 0.14 (-0.19,0.46) 0.41
Cer-24 0.01 (-0.02,0.05) 0.38 -0.10 (-0.45,0.25) 0.58 0.02 (-0.02,0.06) 0.36 0.59 (0.00,1.18) 0.05 0.06 (-0.34,0.45) 0.78
SM-16 -0.02 (-0.07,0.03) 0.46 0.62 (0.08,1.16) 0.03 0.06 (-0.00,0.12) 0.06 0.71 (-0.07,1.48) 0.07 -0.22 (-0.80,0.37) 0.47
SM-20 0.01 (-0.03,0.05) 0.53 0.45 (0.04,0.86) 0.03 0.01 (-0.03,0.06) 0.55 0.26 (-0.32,0.83) 0.38 0.19 (-0.28,0.65) 0.43
SM-22 0.02 (-0.02,0.05) 0.39 0.32 (-0.05,0.70) 0.09 0.01 (-0.02,0.05) 0.48 04 (-0.11,0.91) 0.13 -0.12 (-0.54,0.30) 0.57
SM-24 0.01 (-0.02,0.05) 0.41 0.20 (-0.13,0.54) 0.24 0.01 (-0.03,0.05) 0.58 0.3 (-0.17,0.78) 0.22 -0.25 (-0.61,0.12) 0.19

Models includes adjustment for age, sex, race, study site, body mass index, systolic blood pressure, treated hypertension, smoking, alcohol use,
HDL, LDL, PR-interval, and prevalent diabetes, heart failure, and history of myocardial infarction; Cer-16 and SM-16 include adjustment for Cer-22
and SM-22, respectively; Cer-20, -22, -24, and SM-20, -22, and -24 include adjustment for Cer-16 and SM-16, respectively. Cer denotes ceramide;
SM, sphingomyelin; BMI, body mass index; CHD, coronary heart disease; Cl, confidence interval



Table S5. Risk of incident atrial fibrillation in subset of participants with plasma phospholipid fatty acid measures at 1992-93 (n=3,230),
with and without adjustment for plasma phospholipid fatty acids.

correlation Primary model with adjustment
with Primary model for corresponding phospholipid
corresponding saturated fatty acid
fzatttsr:(fiﬂ HR  95%Cl b HR 95% Cl b
Cer-16 0.00 1.47 (1.12,1.93) 0.005 1.42 (1.09,1.87) 0.010
Cer-20 0.29 0.67 (0.56,0.80) <0.001 0.68 (0.57,0.82) <0.001
Cer-22 0.26 0.64 (0.52,0.80) <0.001 0.67 (0.54,0.83) <0.001
Cer-24 0.21 0.58 (0.46,0.75) <0.001 0.60 (0.47,0.77) <0.001
SM-16 -0.21 1.78 (1.16,2.72) 0.008 1.82 (1.19,2.79) 0.006
SM-20 0.46 0.55 (0.41,0.73) <0.001 0.57 (0.42,0.78) <0.001
SM-22 0.51 0.58 (0.43,0.77) <0.001 0.63  (0.46,0.85) 0.003
SM-24 0.55 0.74 (0.58,0.94) 0.015 0.79 (0.61,1.03) 0.088

Models includes adjustment for age, sex, race, study site, body mass index, systolic blood pressure, treated hypertension, smaoking, alcohol use,
high-density lipoprotein, low-density lipoprotein, PR-interval, and prevalent diabetes, heart failure, and history of myocardial infarction; Cer-16 and
SM-16 include adjustment for Cer-22 and SM-22, respectively; Cer-20, -22, -24, and SM-20, -22, and -24 include adjustment for Cer-16 and SM-16,
respectively. HR denotes hazard ratio; Cl, confidence interval; Cer, ceramide; SM, sphingomyelin.

* measured in total phospholipids!® (for example, correlation of Cer-16 and SM-16 with phospholipid 16:0, palmitic acid)



Table S6. C-statistics from models of incident atrial fibrillation at 10 years.

10 year
C-statistic % improvement

Base model* 0.669

Cer-16 0.672 0.44%
Cer-20 0.677 1.20%
Cer-22 0.672 0.44%
Cer-24 0.673 0.59%
SM-16 0.674 0.70%
SM-20 0.674 0.77%
SM-22 0.674 0.70%
SM-24 0.670 0.17%

*Includes adjustment for age, sex, race, study site, body mass index, systolic blood pressure,
treated hypertension, smoking, alcohol use, high-density lipoprotein, low-density lipoprotein,
PR-interval, and prevalent diabetes, heart failure, and history of myocardial infarction.

Cer denotes ceramide; SM, sphingomyelin



