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Abstract

The potential role of the lipidome in atrial fibrillation (AF) development is still widely unknown. We aimed to assess the asso-
ciation between lipidome profiles of the Prevencion con Dieta Mediterranea (PREDIMED) trial participants and incidence
of AF. We conducted a nested case—control study (512 incident centrally adjudicated AF cases and 735 controls matched
by age, sex, and center). Baseline plasma lipids were profiled using a Nexera X2 U-HPLC system coupled to an Exactive
Plus orbitrap mass spectrometer. We estimated the association between 216 individual lipids and AF using multivariable
conditional logistic regression and adjusted the p values for multiple testing. We also examined the joint association of
lipid clusters with AF incidence. Hitherto, we estimated the lipidomics network, used machine learning to select important
network-clusters and AF-predictive lipid patterns, and summarized the joint association of these lipid patterns weighted
scores. Finally, we addressed the possible interaction by the randomized dietary intervention.

Forty-one individual lipids were associated with AF at the nominal level (p <0.05), but no longer after adjustment for
multiple-testing. However, the network-based score identified with a robust data-driven lipid network showed a multivariable-
adjusted OR ., gp of 1.32 (95% confidence interval: 1.16-1.51; p <0.001). The score included PC plasmalogens and PE
plasmalogens, palmitoyl-EA, cholesterol, CE 16:0, PC 36:4;0, and TG 53:3. No interaction with the dietary intervention was
found. A multilipid score, primarily made up of plasmalogens, was associated with an increased risk of AF. Future studies
are needed to get further insights into the lipidome role on AF.

Current Controlled Trials number, ISRCTN35739639.

Keywords Atrial fibrillation - Metabolomics - Lipidomics - Nested case—control study - Dietary intervention

Subject terms Epidemiology, lifestyle, and prevention; Diet and
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Key points
o We assessed the potential role of the lipidome on atrial
fibrillation development.

Atrial fibrillation (AF) is an emerging cardiovascular epi-
demic representing the most common clinically meaningful

o A multilipid score was associated with an increased risk of atrial
fibrillation.

o The multilipid score was primarily made up of plasmalogens.

o Results were not modified by an intervention promoting the
Mediterranean diet.
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arrhythmia. Worldwide, around 5 million new diagnoses are
made every year [6]. AF is associated with a lower qual-
ity of life, higher subsequent risk of stroke, heart failure
(HF), and mortality [16]. AF-associated burden measured
as disability-adjusted life-years increased by 19% from 1990
to 2010 [6], and available treatments convey relevant risks
[12]. Thus, the best option is prevention and, consequently, a
deeper understanding of its pathophysiology and etiological
determinants is needed.
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Metabolomic profiling techniques can help provide more
comprehensive insights into AF causes, especially in rela-
tionship with nutritional exposures, as this condition has
been previously modulated by dietary interventions and
exposures [25]. Metabolic profiles reflect gene and pro-
tein functional activity and are simultaneously sensitive to
lifestyle, in addition to results of gene-regulated metabolic
pathways [5].

Although conceptually appealing, prospective studies
on metabolomics and AF are scarce [1, 13, 17, 18, 33].
Two studies have been conducted within two observational
cohorts, the Atherosclerosis Risk in Communities (ARIC)
Study and the Framingham Heart Study, reporting no sig-
nificantly AF-associated single metabolites after multiple
testing adjustment [1, 17]. On the other hand, in the Cardio-
vascular Health Study, ceramides and sphingomyelins with
palmitic acid—Cer-16 and SM-16—were associated with
an increased risk of AF, whereas ceramides and sphingo-
myelins with very-long-chain saturated fatty acids—Cer-20,
Cer-22 and Cer-24 and SM-20, SM-22, and SM-24—were
inversely associated with AF risk [13]. Additionally, in the
ADVANCE trial, GM3(d18:1/41:1) and GM3(d18:1/18:0)
were inversely associated with the risk of developing AF
[33]. Interestingly, in the latter study, the authors also per-
formed a cluster analyses in which a cluster containing
GM3(d18:1/24:1) and closest related lipid species was rel-
evant to prediction of future AF. Recently, three Swedish
cohorts on this topic reported that only sphingomyelin (28:1)
was significantly and inversely associated with AF risk in
a secondary analysis after multiple testing adjustment [18].
Beyond observational studies, analyses of nutritional inter-
vention randomized trials can elucidate the effects of diet on
metabolites and their relationships with the subsequent risk
of new-onset AF. This approach can provide stronger causal
inferences with the potential to be translated to preventive
strategies. In fact, some randomized trials have shown siz-
able effects of nutrition-related interventions on the risk of
AF [22].

In the context of the PREDIMED (PREvencién con Dleta
MEDiterranea) trial, a large nutrition intervention trial,
some multimetabolite lipid patterns or lipid network-clusters
were previously reported to be prospectively associated with
either major cardiovascular disease (coronary heart disease,
stroke or cardiovascular death), heart failure, or type 2 diabe-
tes [29, 30, 34, 37, 38], suggesting that lipidomics networks
may also be related to AF risk. Moreover, the incidence of
AF was significantly reduced in the PREDIMED arm using
a Mediterranean diet (MedDiet) supplemented with extra-
virgin olive oil (EVOO) [22], suggesting that modification
of the dietary lipid content may mitigate AF risk, especially
because an inverse dose-response effect was found between
the actual percentage of caloric intake provided by EVOO
and the subsequent risk of AF. However, comprehensive
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information on the association of lipidome profiles with
future AF incidence is still scarce, and evidence on the joint
association of interrelated lipid metabolites with new-onset
AF has seldom been assessed [33]. We aimed to assess if
participants’ baseline lipidome profile in the PREDIMED
trial was associated with incident AF and whether the die-
tary intervention conducted in the PREDIMED trial could
modify this association.

Methods

The present case—control study was nested in the PRED-
IMED trial [10, 21]. Briefly, the PREDIMED trial was a
multicenter randomized primary prevention trial designed
to assess the effect of the MedDiet on CVD. Participants
were recruited during 2003-2009. Participants were 7447
men (aged 55 to 80 years) and women (aged 60 to 80 years)
without prior CVD but at high cardiovascular risk due to
the presence of either type 2 diabetes or at least three of the
following classical cardiovascular risk factors: current smok-
ing, overweight/obesity, high LDL-cholesterol, low HDL-
cholesterol, family history of early coronary heart disease,
or hypertension. Participants were randomly allocated in a
1:1:1 ratio to a MedDiet supplemented with EVOO (Med-
Diet+EVOO), to a MedDiet supplemented with mixed tree
nuts (MedDiet + nuts) or to a control group (advised to fol-
low a low-fat diet and to reduce all types of fat). Participants
received individual and group dietary educational sessions
by a trained dietitian at the baseline visit and quarterly there-
after. Participants in the control group also received dietary
education promoting a low-fat diet with the same intensity
and frequency as the two MedDiet groups [21].

The trial was stopped because of early benefit based on
endpoints documented through December 1, 2010, after a
median intervention time and follow-up of 4.8 years.

Out of the 7447 participants in the PREDIMED trial,
7343 had no AF at study inception and 639 incident cases
were registered (Fig. 1).

For the present study, we used a nested case—control
design, where controls were matched by recruitment center,
year of birth (+5 years), and sex. We selected 1 to 3 matched
controls per case, depending on availability of controls with
the matched characteristics. Finally, we were able to include
512 incident cases of AF and 735 matched controls. We
used the incidence density sampling (risk-set sampling) with
replacement for selecting controls: controls were randomly
selected from all eligible participants at risk at the time of
the incident case occurrence, and selected controls could be
selected again as a control for another index case and they
could become later a case [28].

All participants completed a detailed battery of ques-
tionnaires at baseline which included information on
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7447 participants
recruited in the
PREDIMED trial

l

7343 participants
without prevalent AF

|
639 incident AF
cases (until 2017)

512 incident AF
cases with available
lipidomics data

735 controls without
incident AF

Cases and controls matched for age, sex and
recruitment center

Fig. 1 Flowchart of participants in the PREDIMED trial

sociodemographic characteristics and medical conditions,
a validated Spanish translation of the Minnesota leisure
time physical activity questionnaire [9] and a validated
14-item screener on their adherence to the traditional Med-
Diet [32].

The Institutional Review Board of the coordinating
center approved the PREDIMED extended follow-up
protocol (HCB/2019/0629), and of the Harvard TH Chan
School of Public Health (00,002,642) and of the Uni-
versity of Navarra (2017.154_2012.104) approved the
case—control subproject. All participants gave written
informed consent.

At baseline, participants underwent a blood draw after an
overnight fast (> 8 h) by trained technicians. Samples were
processed by the study personnel according to the study pro-
tocol. EDTA plasma samples were coded and kept refriger-
ated until they were stored at — 80 °C in freezers.

For the present work, stored samples were shipped on dry
ice to the Broad Institute for metabolomics analysis in 2018.
Samples from cases-control participants were randomly dis-
tributed before being shipped to the Broad Institute in Bos-
ton, MA, for metabolomics assays.

Metabolomic analyses of plasma

A detailed description on the determinations of plasma lipids
can be found in the supplemental materials.

Endpoint ascertainment

AF was a pre-specified secondary outcome in the PRED-
IMED trial as previously described elsewhere in detail [22]
(see supplemental material).

Statistical analysis

Missing values for the individual lipids in the PREDIMED
trial were imputed with half of the minimum detected value.
Baseline individual lipid values were normalized and scaled
in multiples of 1 SD with Blom’s rank-based inverse normal
transformation in the PREDIMED trial [3].

Association between individual lipids and atrial
fibrillation

We estimated the association for each individual lipid with
a conditional logistic regression model adjusted for recruit-
ment site, age, sex, smoking (3 categories), body mass index,
type 2 diabetes, hypertension, family history of premature
coronary heart disease, leisure time physical activity, educa-
tional level, statin use and intervention group. p Values were
adjusted for multiple hypothesis testing with the procedure
described by Benjamini and Yekutieli [2].

Network and clustering

We used the conditional independence-based PC-algorithm for
causal structure learning to generate the lipidomics network in
the PREDIMED trial [15, 20]. This algorithm was applied to the
same lipidomics data in another nested case—control study in the
PREDIMED-trial on HF [38]. We retained edges with a partial
correlation>0.1 which were robust across the two case—control
studies. We applied the walktrap algorithm in the igraph R-pack-
age (http://igraph.org/) to the robust lipidomics network to detect
densely connected lipid clusters.

Random forest-based evaluation of cluster
importance

We selected the most important lipid clusters for AF predic-
tion with a machine-learning-based selection in the PRED-
IMED trial. We prepared the lipidomics data based on devia-
tions calculated from matching-strata-specific means to keep
the matched design. We grew a random forest for AF-predic-
tion based on the transformed lipids (500 trees, sampling rate
of 2/3). The importance of lipid clusters for AF prediction was
then evaluated in the out-of-bag sample. Hitherto, we assessed
the random forest model’s predictive performance based on
information on the full lipidomics data compared to the pre-
dictive performance based on lipidomics data with the joint
permutation of lipid variables in each of the clusters. Clusters
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were ranked by the extent to which omitting the information
in their variables hampered the predictive performance, with
the largest increase in prediction error corresponding to the
highest cluster importance.

Determining atrial fibrillation-predictors
within important clusters and definition of a lipid
score

To select the accountable lipid pattern for high cluster impor-
tance, for each of the most important clusters, we mutually
included all cluster-variables in a regression model. We ran a
tenfold cross-validated elastic net regression to select the robust
AF predictors within each of the clusters in the PREDIMED trial.
Finally, we estimated a weighted score combining all the
metabolites described in the last step applying the leave-one-
out cross-validation approach in conditional logistic regres-
sion models adjusted for age, sex, smoking habit, body-mass
index, type 2 diabetes, hypertension, family history of coro-
nary heart disease, leisure-time physical activity, education
(3 levels), statin use, and intervention group (3 groups). We
addressed the possible interaction between the weighted
score and the intervention (3 groups) with the Wald test.

Principal component analysis

We ran a principal component analysis (PCA) with the 216
lipid metabolites among the controls in the PREDIMED trial.
Those factors with an eigenvalue higher than 2 were retained.
The varimax rotation was applied. Sixteen uncorrelated fac-
tors were extracted. The extracted factors explained 83% of
the total variance. Individual metabolites with absolute load-
ings > 0.40 were considered relevant components of the iden-
tified factors. Loadings obtained among controls were then
applied to the cases. To analyze the association between the
extracted factors and incident AF, factors were categorized
into quartiles based on the distribution among controls. We
also calculated the p for trend by estimating quartile-specific
medians and treating the resulting variable as continuous. We
addressed the possible effect modification by the intervention
(3 groups) by testing interaction product-terms (Wald test).

Analyses were performed with Stata SE 15.1 (College
Station, TX) and R 3.6.3.

Data and code sharing

After submission of a brief proposal and statistical analysis
plan to the corresponding author and upon approval from
the Predimed Steering Committee and Institutional Review
Boards, the data and the code for data analyses will be made
available to them using an onsite secure access data enclave.
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Results

Baseline characteristics of AF cases and controls are displayed
in Table 1. In both cases and controls, mean baseline age was
68.5 years and 49% of the participants were women. The aver-
age BMI was 30 kg/m?. Nearly half of the participants had type
2 diabetes, and more than 80% had hypertension at baseline.

Association between individual lipids and atrial
fibrillation

The associations between each baseline individual lipid and
incident AF are displayed in Supplemental Table 1. Forty-
one lipids were nominally (p <0.05) associated with inci-
dent AF, but none remained associated after multiple testing
adjustment (all FDR >0.05).

Lipid networks and their association with atrial
fibrillation

Figure 2 shows the robust data-driven lipid network based
on the conditional independence structure, which integrated
216 lipids. Generally, the data-derived clusters included lipids
from the same or metabolically closely related lipid classes.

Table 2 shows the most important lipid clusters identified
in the random-forest-based evaluation. They were ranked
according to the extent to which omitting the information
in their variables hampered the predictive performance. For
example, omitting the information on MG 16:1, MG 18:0,
and palmitoyl-EA (cluster 1-lipids) resulted in the largest
increase in prediction error.

We selected within-cluster AF predictive lipids for each
important cluster with cross-validated elastic net regression
(Supplemental Table 2). Then, we selected network-wide
independent AF predictors by tenfold cross-validated elastic
net regression with all selected within-cluster predictors as
potential explanatory variables. Table 3 shows the network-
wide, mutually independent AF predictors. The selected lipids
included fourteen plasmalogens (8 with positive weights, 6
with inverse weights), as well as palmitoyl-EA and CE 16:0,
which were positively weighted, and PC 36:4;0, cholesterol,
and TG 53:2 and 53:3 which were inversely weighted.

Finally, we summarized the selected lipid predictors’
association with AF risk in a weighted sum score. The
weights were generated in a leave-one-out cross-validation
procedure based on the selected lipid predictors. The
multivariable-adjusted OR for AF incidence per SD
increase in the lipid score was 1.32 (95% CI 1.16 to 1.51;
p <0.001). There was no evidence of an effect modification
by the dietary intervention of the PREDIMED trial (p
value > 0.05).
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Table 1 Baseline characteristics

Cases of AF Matched controls”  p value

of cases and controls

n 512 735

Age, years 68.3 (6.1) 68.7 (6.1) 0.025

Sex, % women 49.8 48.0 N/A

Body mass index, kg/m2 30.7 (3.8) 29.7 (3.7) <0.001

Type 2 diabetes, % 48.1 49.7 0.660

Hypertension, % 88.3 82.3 0.004

Dyslipidemia, % 64.8 68.4 0.088

Statin use, % 36.1 359 0.821

Family history of coronary heart disease, % 19.0 19.3 0.732

Smoking habit, %

Never smoker 58.8 57.6

Current smoker 14.3 12.9

Former smoker 27.0 29.5 0.623

Educational level, %

Primary school or less 76.2 79.5

Secondary or high-school 17.2 14.4

College or higher 6.6 6.1 0.217

Baseline adherence to the Mediterranean diet (0—14 score) 9.7 (2.0) 9.7 (1.9) 0.827

Leisure-time physical activity, METs-min/day 228 (217) 229 (217) 0.857

Intervention group, % 0.262

Control 36.9 35.7

Mediterranean diet supplemented with extra-virgin olive oil ~ 31.8 36.1

Mediterranean diet supplemented with nuts 31.3 28.3

p Values were obtained from conditional logistic regression models

N/A does not apply

*Controls were randomly selected from all participants at risk at the date of atrial fibrillation diagnoses
(incidence density sampling) so that cases were potentially eligible as controls before developing atrial
fibrillation, matched by recruitment center, year of birth (+5 years), and sex

Results from the PCA and the association
between the identified factors and atrial fibrillation

Out of the 16 extracted factors, 3 factors (factors 5, 11, and
15) showed associations (nominal p values < 0.05) with
incident AF and the individual lipids with a factor load-
ing > 0.40 in these factors are displayed in Supplemental
Table 3. Supplemental Table 4 shows the ORs between the
quartiles of each of the 3 factors identified in the PCA and
AF. The strongest association was an inverse association
observed for factor 5 (labeled as “low in cholesterol esthers
and high in di- and triacylglycerols™): ORsy, v 1 quarile 0-64
(95% CI 0.45-0.90) (p for trend: 0.027). This factor was
poor in rather saturated cholesterol esters and rich in dia-
cylglycerols and triacylglycerols with a rather long chain
and an intermediate degree of unsaturation.

None of these factors showed an interaction with the
intervention group (p value >0.05).

Discussion

In this nested case—control within the PREDIMED trial, after
adjusting for multiple testing, no single lipid was associated
with AF incidence. However, a network-based multilipid com-
bined score identified using a robust data-driven lipid network
was associated with AF risk. In this combined score, sev-
eral PC-plasmalogens and PE-plasmalogens were positively
weighted whereas others were inversely weighted; in addition,
palmitoyl-EA and were positively weighted, and cholesterol,
PC 36:4;0, and TG 53:3 were negatively weighted.

Our results are consistent with results from the ARIC Study
and the Framingham Heart Study [1, 17] in which no single
lipid molecule was found to be prospectively associated with
AF after adjustment for multiple testing. In the ARIC Study,
only a secondary bile acid (glycocholenate sulfate), pseudou-
ridine and acisoga were directly associated with AF onset and
uridine was inversely associated with AF. Notwithstanding,
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Fig.2 Lipid network and color-coded walktrap-clusters

SM 16:0 was directly associated with the risk of developing
AF and this lipid was also found to be directly associated with
AF risk in a previously published cohort [13]. In that study,
ceramide with palmitic acid was also associated with AF risk
but this association was not replicated in our study.

Despite the lack of associations between individual lipids
and AF, we combined network analysis and machine learning
to select a subset of lipids jointly associated with AF risk in
PREDIMED. We summarized the joint association of these
lipids with AF risk in a weighted sum score, using weights from
a leave-one-out cross-validation procedure to avoid model over-
fitting. The estimated score included information on 17 lipids,
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out of which 7 were PC-plasmalogens and 5 were PE-plasm-
alogens. The short- and medium-chain and less unsaturated PC-
plasmalogens with positive coefficients and medium-chain and
more unsaturated PC-plasmalogens with negative coefficients.
Similarly, shorter PE-plasmalogens showed positive coeffi-
cients and medium-chain PE-plasmalogens showed negative
coefficients. These results are in line with the results of a case
control study on AF, in which they observed in partial least
square-discriminant analysis that a lower degree of unsaturation
of LPC, LPE and PC levels was associated with a higher odds
of AF [14]. Also, in the latter study, a relatively high degree
of unsaturation was associated with a lower odds of AF. On
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Table 2 Most important lipid clusters for AF-prediction identified in the random-forest based evaluation

Rank Cluster lipids

MG 16:1, MG 18:0, palmitoyl-EA

CE 16:0, CE 18:1, CE 18:2, CE 20:4, CE 20:5, CE 22:5, CE 22:6, PS 34:0, PC P-36:4 or PC O-36:5, CE 20:3, CE 22:4

3 PC P-34:0 or PC O-34:1, PC P-34:1 or PC O-34:2, PE P-34:1 or PE O-34:2, PC P-34:2 or PC 0-34:3, PE P-34:2 or PE
0-34:3, PC P-34:3 or PC 0-34:4, PC P-34:4 or PC 0-34:5, PC P-36:0 or PC O-36:1, PE P-36:0 or PE O-36:1, PC
P-36:1 or PC 0-36:2, PE P-36:1 or PE O-36:2, PC P-36:2 or PC O-36:3, PE P-36:3 or PE 0-36:4, PC P-36:4 or PC
0-36:5, PE P-36:4 or PE 0-36:5, PC P-38:3 or PC 0-38:4, PC P-38:5 or PC O-38:6, PC P-38:6 or PC 0-38:7, PE
P-38:6 or PE 0-38:7, PC P-40:6 or PC 0-40:7, PE P-38:2 or PE 0-38:3, PE P-38:4 or PE O-38:5, PE P-40:6 or PE
0-40:7, PE P-38:5 or PE 0-38:6, PE P-42:10 or PE 0-42:11

PC 36:4;0, PE P-36:2 or PE 0-36:3
Cholesterol, campesterol

TG 49:2, TG 51:2, TG 53:2

TG 53:3, TG 55:3

~N O B

Lipid clusters were ranked according to the extent to which omitting the information in their variables hampered the predictive performance

Table 3 Mutually independent robust independent atrial fibrillation
predictors across all selected network clusters and their median values
in the leave-one-out cross-validation

Across-cluster selected lipids Coefficient Median value

from the ENR  from the

LOOCV”
Palmitoyl-EA 0.095 0.090
CE 16:0 0.126 0.167
PC P-36:4 or PC 0-36:5 —0.025 -0.012
PC P-34:1 or PC 0-34:2 0.316 0.464
PE P-34:2 or PE 0-34:3 0.380 0.527
PC P-34:4 or PC O-34:5 0.030 0.078
PC P-36:0 or PC O-36:1 0.108 0.165
PE P-36:0 or PE 0-36:1 0.015 —0.001
PC P-36:1 or PC O-36:2 -0.232 —0.306
PE P-36:3 or PE O-36:4 —-0.374 —0.500
PC P-38:3 or PC O-38:4 0.094 0.097
PC P-38:5 or PC 0-38:6 —0.099 —0.163
PE P-38:2 or PE O-38:3 -0.216 —-0.271
PC 36:4,0 -0.176 —0.206
PE P-36:2 or PE 0-36:3 0.157 0.207
Cholesterol —0.108 —0.136
TG 53:3 —-0.016 0.019

ENR elastic net regression, LOOCYV leave-one-out cross-validation

“Results from conditional logistic regression models adjusted for age,
sex, smoking habit (3 categories), body mass index, prevalent hyper-
tension, prevalent type-2 diabetes, family history of coronary heart
disease, leisure-time physical activity (continuous), educational level
(3 categories), and intervention group

the other hand, the other prospective study whose authors con-
ducted a cluster analyses was the ADVANCE trial. They found
that a cluster containing GM3(d18:1/24:1) and closest related
lipid species was relevant to prediction of future AF. Unfortu-
nately, we could not assess the consistency with their results
since those lipids were not available in our platform [33].

Lipoproteins transport plasmalogens, and nearly one-third
of the human heart’s phospholipids are plasmalogens. Plasm-
alogens could play a role in AF prevention through different
pathways [8, 36]. Plasmalogens have antioxidant properties,
since their free radical-scavenging chemical structure may
decrease oxidative stress sensitivity [4, 24]. These properties
support our findings’ biological plausibility—shorter and more
saturated plasmalogens were positively associated with the mul-
tilipid score and inverse weights were observed for longer and
more unsaturated plasmalogens—given that atrial myocardial
inflammation and oxidative stress may play a crucial role in AF
development [4, 8, 24, 36].

Plasmalogens have also been suggested to be PPARY ago-
nists [7], which may prevent cardiac fibrosis through different
pathways, according to experimental models [19]. First, PPARy
can regulate inflammation through the NF-xB pathway reduc-
ing the risk of cardiac fibrosis and AF. In addition, PPARy
agonists could decrease the number of myofibroblasts, collagen
I and brain natriuretic peptide (BNP) expression, matrix met-
alloproteinases-2 (MMP-2) activity, and protein level of con-
nective tissue growth factor (CTGF). PPARY agonists could
also attenuate atrial structural remodeling, regulate cardiac tel-
omere biology, alleviate MMP-9 activity, and reduce vascular
endothelial dysfunction by inhibition of cardiovascular NADPH
oxidase, among others. Additionally, plasmalogens may con-
tribute to the stability of lipid raft microdomains and improved
vesicular function [27, 35] and they may be required for choles-
terol transport from the plasma membrane to the endoplasmatic
reticulum [23]. In the identified multilipid score, some plasm-
alogens were associated with a higher risk of AF whereas others
showed an inverse association. In our study, shorter and more
saturated PC-plasmalogens showed positive coefficients and
medium-chain and more unsaturated PC-plasmalogens showed
negative coefficients. Thus, not only plasmalogens as a whole
but also the fatty acid composition of plasmalogens may play
an etiological role in AF development as it is the case for other
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lipid species [14]. Nevertheless, more evidence is needed for
the potential association between plasmalogens as a whole and
specific plasmalogens and atrial fibrillation.

In the multilipid score, palmitoyl-EA showed a positive asso-
ciation with incident AF. This observation does not easily align
with experimental evidence, suggesting possible anti-inflamma-
tory properties of palmitoyl-EA [26]. A possible explanation
may be compensatory upregulation of anti-inflammatory factors,
which has been observed to precede chronic disease onset. Nev-
ertheless, we have no clear explanation for this finding.

In the multilipid score, free cholesterol was inversely
associated with incident AF. Evidence on the association
between free cholesterol and incident AF is scarce. Nev-
ertheless, in a recent meta-analysis, total cholesterol was
inversely associated with this condition [11].

In PREDIMED, participants allocated to the Med-
Diet + EVOO group showed a 38% lower risk of AF than
those allocated to the control group, whereas participants
allocated to the MedDiet + nuts group showed no reduction
in the risk of AF [22]. We observed no effect modification
by the interventions for the association between the multi-
lipid score and AF. This result suggests that the intervention
did not counterbalance the possible deleterious association
between the multilipid score and incident AF and that the
underlying mechanisms in the association between the inter-
vention and AF may be different from the lipid profile modi-
fication, possibly suggesting that some nonlipid constituents
of EVOQO, such as phenolic compounds with potent antioxi-
dant and anti-inflammatory properties, may be important for
disease prevention [31].

We acknowledge that our study had some limitations. First, we
could not distinguish between different isomers of a given lipid
formula in our primary analyses, and different isomeric forms of
some lipids may show a differential association with AF. Second,
participants in the PREDIMED trial were at high cardiovascu-
lar risk and mainly Caucasians, limiting the generalizability of
our results to other populations. Third, despite the multivariable
adjustment, residual confounding cannot be ruled out.

Despite the abovementioned limitations, our study also
shows some strengths. We used different dimension-reduction
methods to disentangle potential lipidome patterns associated
with the risk of developing AF. To our knowledge, this is one
of the few prospective studies on AF risk that have addressed
the assessment of interplays between different lipids and has
not only considered individual lipids in isolation [33]. Also,
we have applied machine learning methods to combine dif-
ferent metabolites to avoid overfitting. This methodological
advance increases the robustness and reliability of our results.

In conclusion, no individual lipids were prospectively
associated with the risk of AF after penalization for mul-
tiple comparisons. However, a weighted multilipid score,
primarily made up of plasmalogens, was associated with AF
risk. Further studies are needed to examine our observations’
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generalizability to other populations and elucidate the under-
lying biological mechanisms.
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