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Aims Atrial fibrillation (AF) is associated with higher mortality. Biomarkers may improve the understanding of key patho-
physiologic processes in AF that lead to death. Using a new multiplex analytic technique, we explored the associa-
tion between 268 biomarkers and cardiovascular (CV) death in anticoagulated patients with AF.

Methods A case—cohort design with 1.8- to 1.9-year follow-up. The identification cohort included 517 cases and 4057 ran-

and results domly selected patients from ARISTOTLE. The validation cohort included 277 cases and 1042 randomly selected
controls from RE-LY. Plasma collected at randomization was analysed with conventional immunoassays and the
OLINK proximity extension assay panels: CVDII, CVDII, and Inflammation. Association between biomarkers and
CV death was evaluated using Random Survival Forest, Boruta, and adjusted Cox-regression analyses. The bio-
markers most strongly and consistently associated with CV death were as follows (hazard ratio for inter-quartile
comparison [95% Cl]): N-terminal pro-B-type natriuretic peptide [NT-proBNP; 1.63 (1.37—1.93)], cardiac troponin
T [cTnT-hs; 1.60 (1.35-1.88)], interleukin-6 [IL-6; 1.29 (1.13-1.47)], growth differentiation factor-15 [GDF-15; 1.30
(1.10-1.53)], fibroblast growth factor 23 [FGF-23; 1.21 (1.10-1.33)], urokinase receptor [uPAR; 1.38 (1.16-1.64)],
trefoil factor 3 [TFF3; 1.27 (1.10-1.46)], tumour necrosis factor receptor 1 [TNFR1; 1.21 (1.01-1.45)], TNF-related
apoptosis-inducing ligand receptor 2 [TRAILR2; 1.18 (1.04-1.34)], and cathepsin L1 [CTSL1; 1.22 (1.07-1.39)].

Conclusion In this comprehensive screening of 268 biomarkers in anticoagulated patients with AF, the underlying mechanisms
most strongly associated with CV death were cardiorenal dysfunction (NT-proBNP, cTnT-hs, CTSL1, TFF3), oxida-
tive stress (GDF-15), inflammation (IL-6, GDF-15), calcium balance, vascular and renal dysfunction (FGF-23), fibri-
nolysis (suPAR), and apoptosis (TNFR1, TRAILR2). These findings provide novel insights into pathophysiologic
aspects associated with CV death in AF.
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1. Introduction

Atrial fibrillation (AF) is the most common persistent arrhythmia and is
associated with a higher risk of a wide range of cardiovascular (CV) com-
plications including a two-fold higher CV mortality." Even though stroke-
related death can largely be prevented by the use of anticoagulation,” the
residual risk of death in AF remains high; specifically, 7.0% mortality was
reported in the Apixaban for Reduction in Stroke and Other
Thromboembolic Events in Atrial Fibrillation (ARISTOTLE) trial, and the
majority of deaths were CV deaths.>*

In recent years, new evidence has emerged of the potential role of
biomarkers in predicting outcomes in patients with AF. Recently, bio-
markers have been shown to improve the prediction of adverse out-
comes in anticoagulated patients with AF.>~ They may also facilitate the
understanding of key pathophysiologic processes for complications in
AF, and the identification of potential additional targets for treatment,
not least in patients with remaining high mortality despite oral anticoagu-
lation. Several biomarkers reflecting different pathophysiological func-
tions have been shown to be powerful predictors of CV death in
addition to clinical risk factors, for example myocardial damage and
stress [cardiac troponin T (hs-TnT) and N-terminal pro-B-type natri-
uretic peptide (NT-proBNP)]> and markers of inflammation and oxida-
tive stress [interleukin 6 (IL-6) and growth differentiation factor-15
(GDF-15)].”8

Recent advances in analytical methods have made it possible for simul-
taneous analysis of a vast number of proteins and could aid in both im-
proving the understanding of the disease and identifying new clinically
useful biomarkers. The proximity extension assay (PEA) technology, a
new proteomics polymerase chain reaction (PCR)-based method, allows
simultaneous analysis of the concentration of 92 proteins by making use
of only 1 pl of blood plasma.’ This technique uses multiple unique oligo-
nucleotide-labelled antibody pairs that bind to their respective target
protein and can later be quantified by gPCR. In this way, multiple pro-
teins can be analysed simultaneously with exceptionally high specificity,
resulting in a time and sample-size effective method.

Using the PEA technology, the aim of this multimarker substudy was
to comprehensively screen for biomarkers associated with CV death to
improve the understanding of the processes that may be involved in CV
death in anticoagulated patients with AF.

2. Methods

2.1 Patient population

This biomarker substudy consisted of patients from the ARISTOTLE trial
and the Randomized Evaluation of Long-Term Anticoagulation Therapy
(RE-LY) trial. The details of both trial designs and results have been pub-
lished previously.>* Patients from the ARISTOTLE trial were included in
the biomarker identification cohort, and patients from RE-LY comprised
the validation cohort.

2.1.1 Identification cohort

In the original ARISTOTLE trial, a total of 18 201 patients with AF and at
least one CHADS, risk factor for stroke or systemic embolism were en-
rolled. CV death was a secondary outcome. The identification cohort
was derived from the ARISTOTLE trial biomarker cohort where all bio-
marker data were available (N = 14 757) using a 1:4 case-cohort method-
ology. The identification cohort thus consisted of 517 cases with CV

death during follow-up and 4057 randomly selected patients for compar-
ison. The median and maximal lengths of follow-up were 1.8 and
4.1 years, respectively.

2.1.2 Validation cohort

In the RE-LY trial, 18 113 patients with AF were enrolled. CV death was
among the secondary outcomes. The validation cohort was derived
from the RE-LY biomarker cohort where all biomarker data were avail-
able N=15533 using a 1:4 case-cohort design. The validation cohort thus
consisted of 277 cases with CV death during follow-up and 1042 ran-
domly selected patients. The median and maximal lengths of follow-up
were 1.9 and 3.0 years, respectively.

2.2 Outcome definition and study design
This study was based on a case—cohort design in which all cases and a
random sample from the full cohort were selected.

The primary outcome for this multimarker substudy was CV death. In
both the ARISTOTLE and RE-LY trials, death was classified as either vas-
cular or non-vascular. Vascular death included cardiac death (e.g. death
from heart failure, sudden cardiac death/arrhythmia, cardiac rupture)
and other vascular deaths (e.g. all-cause stroke, pulmonary embolus,
death from aortic disease and from non-stroke-related haemorrhage).
For this study, the primary outcome (CV death) was defined as vascular
death excluding death from non-stroke-related haemorrhage. In both
trials, cause of death was centrally adjudicated using standardized criteria.
Both trials comply with the Declaration of Helsinki, and approval by the
appropriate ethics committees was obtained at all sites and all patients
provided written informed consent.

2.3 Biochemical analyses
Blood samples were obtained at randomization and stored in aliquots at
-70°C.

For the proteomics analyses, the Proseek Multiplex PEA panels
CVDII, CVDIIl, and Inflammation were used (Olink Proteomics, Uppsala,
Sweden) and performed at the Clinical Biomarkers Facility, Science for
Life Laboratory, Uppsala University, Uppsala, Sweden. Within each
panel, 92 biomarkers are measured simultaneously by the binding of
paired single-strand oligonucleotide-labelled antibodies to the target
protein. The subsequent formation of double-stranded DNA amplicons
enables quantification by the Fluidigm BioMark™ HD real-time PCR
platform.'® Values are given as Normalized Protein Expression (NPX)
and are log2-transformed (Supplementary material online, Table S7). The
PEA assays have shown high reproducibility and repeatability with low
intra-assay, inter-assay, and inter-site variation."® Prior validation studies
have also showed that biomarkers analysed with the PEA technique have
an adequate concordance with conventional immunoassays."’

Initial multiplex biomarker analysis was performed in the identification
cohort using all three PEA panels. Together these PEA panels allowed
for measurement of 276 pre-selected proteins associated with CV dis-
ease and inflammation. However, 10 biomarkers were analysed on more
than one panel, resulting in duplicates and reducing the total number of
analysed biomarkers. Therefore, 266 unique protein biomarkers were
measured in total using PEA methodology in the identification cohort.
Because of the comparatively low number of biomarkers with strong CV
death association using the PEA inflammation chip in the initial analyses
from the identification cohort and for the purpose of cost effectiveness,
only the CVD Il and Ill panel (and not the inflammation panel) was later
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used for biomarker analyses in the validation cohort. Thus, only 184 bio-
markers were measured in the validation group.

The plasma levels of cTnT-hs and NT-proBNP were analysed with
electrochemiluminescence immunoassays with the Cobas® Analytics
e601 (Roche Diagnostics). GDF-15 levels were determined with the
Elecsys GDF-15 pre-commercial assay kit PO3. High-sensitivity IL-6 was
measured using ELISA (R&D Systems Inc,, Minneapolis, MN, USA).
Cystatin C was analysed with the ARCHITECT system ci8200 (Abbott
Laboratories, Abbott Park, IL, USA) using the particle-enhanced turbidi-
metric immunoassay (PETIA) from Gentian (Moss, Norway), and all anal-
yses were performed at the Uppsala Clinical Research Center (UCR)
laboratory at Uppsala University, Uppsala Sweden, and detailed previ-
ously.sf8 Plasma creatinine was measured centrally, and estimated glo-
merular filtration rate (eGFR) was calculated using the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equation.

2.4 Statistical analyses
The pairwise association between PEA biomarkers and established con-
ventional biomarkers was assessed by the Spearman correlation.

A Random Survival Forest algorithm12 was used to evaluate the simul-
taneous association between variables and CV death. The evaluation in-
cluded levels of 263 PEA markers, four conventional markers (NT-
proBNP, cTnT-hs, GDF-15, and IL-6), renal function, and 13 clinical char-
acteristics [randomized treatment, age, gender, body mass index (BMI),
smoking, hypertension, diabetes, haemoglobin, and previous myocardial
infarction, stroke/transient ischaemic attack (TIA), peripheral artery dis-
ease, heart failure, and bleeding]. The total of biomarkers analysed with
the Random Survival Forest algorithm was therefore 268 (five analysed
by conventional assays including renal function + 266 biomarkers ana-
lysed with PEA, excluding three PEA biomarker duplicates that were

analysed by conventional analyses). The number of trees was 5000, splits
were done according to a maximally selected statistic criterion, and the
variables were ranked according to their permutation variable impor-
tance. Subjects with all PEA markers missing were excluded. There were
only a few partially missing values, and these were singly imputed using
multivariate imputations by chained equations with the R add-on pack-
age mice."® An identical approach was used in the RE-LY evaluation, with
a total of 184 PEA markers.

A Boruta algorithm14 was used for feature selection. In short, re-
peated Random Survival Forests were run in which a permuted copy of
each variable was added to the data. The permuted versions of the varia-
bles represent variables with the same distribution as the original variable
but with no correlation with the outcome. Features were either rejected
as not better, and were removed from subsequent forests, or confirmed
better than these noise variables. The procedure continued until no
more variables were undecided, or the maximum number of runs, set to
100, was reached. The remaining variables were labelled tentative.

Weighted Cox-regression analyses were performed including each of
the established standard immunoassays (naturally log-transformed) and
the PEA biomarkers, one at a time, assuming a linear association with the
log hazard rate. According to the case-cohort design, the patients ran-
domly selected were given a weight inversely proportional to the sam-
pling probability, that is, 1/0.2946, and all cases were given a weight of
1.0. The Cox-regression analyses were performed in two steps, first
(Cox model 1) adjusted for baseline characteristics (age, gender, BMI,
smoking, hypertension, diabetes, prior myocardial infarction, prior
stroke/TIA, peripheral artery disease, heart failure, and randomized
treatment), and second (Cox model 2) further adjusting for renal func-
tion (cystatin C in ARISTOTLE and CKD-EPI in RE-LY) and established
biomarkers (NT-proBNP and cTnT-hs). Results were presented as the

Table | Baseline characteristics and concentration of established biomarkers

Identification cohort

Validation cohort

Baseline characteristics “"Randoim'sample Cvdeath " ] Random sample CVdeath
N = 4057 N =517 N =1042 N =277

Age (years) 70 (72-76) 73 (65-69) 72 (67-77) 75 (67-80)

Females 1491 (36.8%) 148 (28.6%) 392 (37.7%) 99 (34.5%)

Body mass index 28.6 (25.4-32.7) 272 (24.1-314) 27.9 (25.0-31.2) 274 (23.8-31.2)

Current smoker 355 (8.8%) 60 (11.6%) 76 (7.3%) 23 (8.0%)

Hypertension 3550 (87.5%) 441 (85.3%) 826 (79.5%) 220 (76.7%)

Diabetes 1022 (25.2%) 130 (25.1%) 218 (21.0%) 82 (28.6%)

Prior myocardial infarction 511 (12.6%) 122 (23.6%) 169 (16.3%) 85 (29.6%)

Prior stroke/TIA 733 (18.1%) 123 (23.8%) 208 (20.0%) 54 (18.8%)

Peripheral arterial disease 190 (4.7%) 47 (9.1%) 39 (3.8%) 15 (5.2%)

Heart failure 1232 (30.4%) 258 (49.9%) 293 (28.2%) 152 (53.0%)

CRP 2.2 (1.0-4.6) 2.8 (1.2-6.3) 2.5 (1.2-5.5) 3.7 (1.6-8.1)

Cystatin C (mg/L) 1.0 (0.8-1.2) 1.1 (0.9-1.4) 1.0 (0.8-1.2) 1.2 (1.0-1.5)

GDF-15 (ng/L) 1356.0 (961.0-2038.0) 1780.0 (1292.0-2868.0) 1460.0 (1086.0-2127.0) 1997.0 (1438.5-3191.5)

eGFR, CKD-EPI (mL/min) 74.7 (57.6-96.0) 62.7 (45.2-84.7) 65.1 (54.3-74.2) 58.8 (48.4-69.7)

Haemoglobin (g/dL) 14.2 (13.1-15.2) 14.0 (12.9-15.2) 14.2 (13.1-15.3) 13.7 (12.7-15.0)

IL-6 (ng/L) 2.3 (1.5-3.9) 3.2 (2.1-6.0) 2.3 (1.5-3.8) 3.6 (2.1-5.8)

NT-proBNP (ng/L)
cTnT-hs (ng/L)

683.0 (362.0-1219.8)
10.7 (7.4-16.2)

1289.0 (709.0-2435.0)
17.6 (12.0-27.0)

800.0 (375.5-1436.0)
11.8 (7.6-18.9)

1568.0 (925.0-2805.0)
21.1 (142-33.6)

Continuous variables presented as median (Q1-Q3). Categorical variables presented as numbers (percentage).
CRP, C-reactive protein; cTnT-hs, cardiac troponin T measured with high-sensitivity assay; eGFR, estimated glomerular filtration rate; GDF-15, growth differentiation factor 15; IL-
6, interleukin-6; NT-proBNP, N-terminal pro-B-type natriuretic peptide; TIA, transient ischaemic attack.
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Figure | Variable importance for CV death according to the Random Survival Forest analyses in (A) the identification cohort and (B) the validation co-
hort. Red colour indicates biomarkers analysed on CVD |l panel, green colour CVD |lI, and blue colour inflammation panel. Biomarkers listed in black
were analysed with conventional immunoassays. Only the top 50 variables are shown. The evaluation included 263 PEA markers, five conventional
markers [N-terminal pro-B-type natriuretic peptide (NT-proBNP), troponin T-hs, growth differentiation factor 15 (GDF-15), cystatin C, and interleukin-
6 (IL-6)] and 13 clinical characteristics. The identification cohort included 517 cases with CV death during follow-up and 4057 randomly selected patients

for comparison. The validation cohort included 277 cases with CV death during follow-up and 1042 randomly selected patients for comparison.

relative hazard for an inter-quartile difference of each marker with cor-

responding 95% confidence intervals and P-values. Thus, the hazard ratio

can be interpreted as the relative hazard comparing the two biomarker
values defining the inner 50% of the distribution, that is the third vs. the
first quartile. On the inflammation panel, 16 of the proteins had more
than 80% of the measurements below the limit of detection, and these
were not included in the Cox-regression models. Therefore, the total
amount of biomarkers included in the Cox analyses was 255.

Due to the very large number of biomarkers evaluated and an ade-
quate number of events, only biomarkers confirmed by the Boruta analy-
sis and with significant association in the adjusted Cox-regression analysis
(Cox model 2), in both the identification and validation cohorts, were
considered to have confirmed association with the risk of CV death.

Al analyses were done using the R environment for statistical com-

puting, version 3.3.1"° using the ranger'® package.

3. Results

Baseline characteristics of the identification and validation cohorts are
shown in Table 1. The random sample of controls was representative for
the full study cohort (Supplementary material online, Table S2). Patients that
died from a CV cause during follow-up were older, were more likely to

have had a previous CV event including heart failure, and had higher levels
of established CV biomarkers. The relative concentrations of all 266 PEA
biomarkers are shown in Supplementary material online, Tables STA and B.

3.1 Random Survival Forest analyses

Among 268 studied biomarkers and 13 additional clinical risk factors ex-

amined in the identification cohort, the variables with the strongest asso-
ciation with CV death according to the Random Survival Forest analysis
are shown in Figure TA. The majority of the biomarkers most strongly as-
sociated with the outcome were from the PEA CVD Il and CVD Il pan-
els, and only these panels were used for external validation while the
PEA inflammation panel was excluded. In the validation cohort, out of
186 biomarkers and 12 clinical risk factors, the variables with strongest
association with CV death are shown in Figure 1B.

In both cohorts, cTnT-hs was identified as having the strongest associ-
ation with CV death according to the Random Survival Forest analysis
and was followed by NT-proBNP. Due to the vast numbers of bio-
markers consistently associated with the outcome, additional Boruta
analyses were performed. According to the Boruta analysis, 32 bio-
markers in the identification cohort (Table 2) and 29 biomarkers in the
validation cohort (Table 3) had confirmed importance for CV death. In
total, 15 biomarkers were consistently confirmed in both the identifica-

tion and validation cohorts according to the Boruta analysis: cTnT-hs,
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Table 2 Summary of biomarkers with the highest association with cardiovascular death from the identification cohort

Biomarker RF ranking Model 1 Model 2 Boruta
Hazard ratio (95% CIy =~ P-valiie” Hazard ratio (95% CIy P-valiie"”
cTnThs 1 1.890 [1.630, 2.193] <10e-16e 1.596 [1.355, 1.880] 2.174e-08 Confirmed
NT-proBNP 2 2.081[1.772, 2.444] <10e-16e 1.628 [1.373, 1.931] 2.179e-08 Confirmed
BNP 3 2,016 [1.718, 2.365] <10e~16e 1.361[1.047,1.769] 2.148e-02 Confirmed
FGF-23 4 1.451 [1.341,1.571] <10e-16e 1.209 [1.096, 1.332] 1.408e-04 Confirmed
IGFBP-2 5 1.788 [1.499, 2.133] 1.099e-10 1.288 [1.077, 1.540] 5.509e-03 Confirmed
HGF 6 1.268 [1.183, 1.358] 1.835e-11 1.085 [0.986, 1.194] 9.345e-02 Confirmed
U-PAR 7 1.783 [1.550, 2.050] 5.551e-16 1.378 [1.158, 1.641] 3.105e-04 Confirmed
TFF3 8 1.528 [1.376, 1.697] 2.109e-15 1.269 [1.101, 1.462] 9.769e-04 Confirmed
REN 9 1.168 [1.000, 1.366] 5.061e-02 1.152[0.976, 1.360] 9.456e-02 Confirmed
TNF-R1 10 1.598 [1.395, 1.831] 1.336e-11 1.207 [1.008, 1.447] 4.087e-02 Confirmed
LIF-R 11 1.616 [1.410, 1.852] 5.666e-12 1.229 [1.055, 1.433] 8.316e-03 Confirmed
IL-6 12 1.575[1.410, 1.760] 9.992e-16 1.288 [1.126, 1.474] 2.338e-04 Confirmed
PTX3 13 1.555[1.357,1.781] 2.031e-10 1.261[1.091, 1.459] 1.733e-03 Confirmed
TRAIL-R2 14 1.357 [1.249, 1.474] 4.613e-13 1.183 [1.043, 1.343] 9.037e-03 Confirmed
NT-3 15 1.228 [1.123, 1.343] 6.769e-06 1.103 [0.993, 1.225] 6.652e-02 Confirmed
IGFBP-7 16 1.430[1.284, 1.593] 8.415e-11 1.204 [1.068, 1.358] 2.487e-03 Confirmed
LEP 17 0.783 [0.652, 0.939] 8.545e-03 0.833 [0.686, 1.010] 6.275e-02 Confirmed
PI3 18 1.238 [1.110, 1.380] 1.219e-04 1.153 [1.024, 1.298] 1.904e-02 Confirmed
IL1RL2 20 0.764 [0.667, 0.876] 1.170e-04 0.794 [0.689, 0.914] 1.305e-03 Confirmed
GDF-15 21 1.749 [1.532, 1.996] 1.110e-16 1.243 [1.050, 1.471] 1.142e-02 Confirmed
TR 22 1.476 [1.308, 1.665] 2.637e-10 1.299 [1.141,1.479] 8.092e-05 Confirmed
EGFR 23 0.831[0.757,0.912] 9.443e-05 0.861[0.774,0.959] 6.415e-03 Confirmed
TNFRSF13B 24 1.289 [1.176, 1.414] 6.732e-08 1.185 [1.064, 1.320] 1.949e-03 Confirmed
JAM-A 25 1.333[1.210, 1.469] 5.954e-09 1.167[1.031, 1.320] 1.423e-02 Confirmed
MMP-2 26 1.304 [1.133, 1.501] 2211e-04 1.033 [0.904, 1.181] 6.340e-01 Confirmed
4E-BP1 30 1.331[1.181, 1.499] 2.555e-06 1.202 [1.056, 1.369] 5.497e-03 Confirmed
EN-RAGE 32 1.267 [1.111, 1.444] 3.973e-04 1.147 [0.991, 1.327] 6.511e-02 Confirmed
ACE2 33 1.396 [1.234, 1.580] 1211e-07 1.148 [1.000, 1.318] 5.018e-02 Confirmed
SLAMF1 34 1.237 [1.116,1.372] 5.327e-05 1.112[0.987, 1.251] 8.000e-02 Confirmed
TNFSF13B 40 1.257 [1.118,1.412] 1.262e-04 1.097 [0.975, 1.235] 1.242e-01 Confirmed
CTSL1 42 1.365 [1.207, 1.544] 7.328e-07 1.220 [1.069, 1.392] 3.173e-03 Confirmed
TGFA 44 1.384 [1.214, 1.579] 1.210e-06 1.115[0.983, 1.266] 9.156e-02 Confirmed

All biomarkers confirmed by Boruta analysis included, ranked according to Random Survival Forest (RF) variable importance. Biomarkers in bold indicate biomarkers P < 0.05 in ad-
justed Cox-regression model 2 and confirmed in Boruta analyses in both cohorts. Model 1: Cox-regression analysis model adjusted for clinical characteristics—age, gender, body
mass index, smoking, hypertension, diabetes, prior myocardial infarction, prior stroke/transient ischaemic attack, prior peripheral artery disease, prior heart failure, and randomized
treatment. Model 2: same as Model 1 and also adjusted for marker for renal function, Cystatin C and cardiac markers N-terminal pro-B-type natriuretic peptide (NT-proBNP) +

cardiac troponin T (hs-cTnT).

NT-proBNP, BNP, fibroblast growth factor 23 (FGF-23), insulin-like
growth factor-binding protein 2 (IGFBP2), fibrinolysis (suPAR), trefoil
factor 3 (TFF3), renin (REN), tumour necrosis factor receptor 1
(TNFR1), IL-6, TNF-related apoptosis-inducing ligand receptor 2
(TRAILR?2), insulin-like growth factor-binding protein 7 (IGFBP7), GDF-
15, junctional adhesion molecule A (JAM-A), and cathepsin L1 (CTSL1).

3.2 Cox-regression analyses

Evaluating the biomarker association of 255 biomarkers by Cox analyses
adjusted solely for clinical characteristics (Cox model 1), 64% (n=163)
of the biomarkers were statistically associated with CV death in the iden-
tification cohort. In the validation cohort, the proportion was identical,
and 64% (n=121) out of 188 biomarkers were analysed. When further
adjusted for renal function (Cystatin C) and for the two established bio-
markers for CV death (NT-proBNP and cTnT-hs) (Cox model 2), 24%
(n=62) of the biomarkers in the identification cohort (top 50 shown in

Figure 2A) and 26% (n=49) in the validation cohort (top 50 shown in
Figure 2B) remained significantly associated with CV death.

3.3 Biomarker selection

Out of the 15 biomarkers that were confirmed in the Boruta analysis in
both the identification and validation cohorts, 10 were also determined
statistically significant in the fully adjusted Cox analyses (model 2) in both
cohorts: ¢TnT-hs, NT-proBNP, FGF-23, suPAR, TFF3, TNFR1, IL-6,
TRAILR2, GDF-15, and CTSL1. A summary of the top candidate bio-
markers according to the performed statistical analyses is presented in
Tables 2 and 3. The correlation between these top biomarkers and tradi-
tional cardiovascular markers (NT-proBNP and cTnT-hs), marker for re-
nal function (cystatin C) and for inflammation (CRP and IL-6), is shown in
Table 4. suPAR, TFF3, TNFR1, IL-6, GDF-15, and TRAILR2 did all moder-
ately correlate with renal function (rho >0.5). Beyond that, no strong
patterns of correlation were seen (rho <0.5).
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Table 3 Summary of biomarkers with the highest association with cardiovascular death from the validation cohort

Biomarker RF ranking Model 1 Model 2 Boruta
Hazard ratio (95% Cl)y " P-valiue™ Hazard ratio (95% CI) "~ -vallie
cTnT-hs 1 1.753 [1.500-2.047] 1.464e-12 1.528 [1.305-1.788] 1.307e-07 Confirmed
NT-proBNP 2 2.959 [2.297-3.813] <10e-16e 2.256 [1.758-2.894] 1.555e-10 Confirmed
U-PAR 3 2.193 [1.824-2.636] 1.110e-16 1.624 [1.300-2.028] 1.931e-05 Confirmed
TFF3 4 1.793 [1.492-2.154] 4.581e-10 1.518 [1.236-1.865] 7.028e-05 Confirmed
TRAIL-R2 5 1.343 [1.196-1.508] 6.012e-07 1.256 [1.121-1.407] 8.435e-05 Confirmed
BNP 6 2.191[1.673-2.870] 1.201e-08 1.073 [0.741-1.555] 0.70972 Confirmed
GDF-15 7 1.980 [1.613-2.431] 6.749e-11 1.383 [1.100-1.739] 5.506e-03 Confirmed
REN 8 1.825 [1.421-2.343] 2.385e-06 1.772 [1.380-2.274] 7.224e-06 Confirmed
IL6 9 1.556 [1.379-1.757] 8.954e-13 1.310 [1.152-1.490] 3.729e-05 Confirmed
TNF-R1 10 2.153 [1.771-2.617] 1.377e-14 1.544 [1.207-1.974] 5.339e-04 Confirmed
CTSL1 1 1.684 [1.415-2.004] 4.241e-09 1.330 [1.107-1.599] 2.364e-03 Confirmed
ADM 12 1.681[1.133-2.494] 9.867e-03 1.092 [0.889-1.343] 0.40156 Confirmed
TNFRSF11A 13 2.062 [1.691-2.513] 7.775e-13 1.529 [1.210-1.931] 3.759e-04 Confirmed
ST2 14 1.622 [1.357-1.940] 1.127e-07 1.266 [1.056-1.517] 1.065e-02 Confirmed
TIM1 15 1.584 [1.317-1.904] 1.023e-06 1.317 [1.096-1.582] 3.317e-03 Confirmed
JAM-A 16 1.425[1.245-1.632] 2.819e-07 1.168 [0.981-1.391] 8.162e-02 Confirmed
IGFBP-7 17 1.560 [1.361-1.788] 1.606e—10 1.178 [0.996-1.394] 5.635e=02 Confirmed
FGF-23 18 1.476 [1.288-1.690] 1.907e-08 1.183 [1.023-1.368] 2.335e-02 Confirmed
TNFRSF10A 19 1.844[1.519-2.238] 6.347e-10 1.344[1.078-1.677] 8.663e—03 Confirmed
GAL-9 20 1.966 [1.610-2.399] 3.012e-11 1.529 [1.212-1.930] 3.419e-04 Confirmed
CSTB 21 1.679 [1.432-1.968] 1.574e-10 1.357 [1.113-1.653] 2474e-03 Confirmed
FABP4 23 2.159 [1.697-2.747] 3.749e-10 1.743 [1.347-2.254] 2.343e-05 Confirmed
IL-1RT1 24 1.521 [1.260-1.836] 1.286e-05 1.200 [0.999-1.441] 5.066e-02 Confirmed
PON3 25 0.684 [0.572-0.818] 3.159e-05 0.794 [0.651-0.969] 0.02328 Confirmed
BOC 26 1.470 [1.197-1.806] 2.372e-04 1.353[1.123-1.631] 1.491e-03 Confirmed
MMP12 28 1.550 [1.274-1.886] 1.212e-05 1.322[1.080-1.619] 6.845e-03 Confirmed
TNF-R2 32 1.415 [1.188-1.685] 9.948e-05 1.198 [1.009-1.422] 3.896e-02 Confirmed
CD4 40 1.799 [1.513-2.139] 2.923e-11 1.385 [1.125-1.704] 2.13%9e-03 Confirmed
IGFBP2 48 2117 [1.621-2.764] 3.652e-08 1.290 [0.981-1.695] 6.796e-02 Confirmed

All biomarkers confirmed by Boruta analysis included, ranked according to Random Survival Forest (RF) variable importance. Biomarkers in bold indicate biomarkers P < 0.05 in ad-
justed Cox-regression model 2 and confirmed in Boruta analyses in both cohorts. Model 1: Cox-regression analysis model adjusted for clinical characteristics—age, gender, body
mass index, smoking, hypertension, diabetes, prior myocardial infarction, prior stroke/transient ischaemic attack, prior peripheral artery disease, prior heart failure, and randomized
treatment. Model 2: same as Model 1 and also adjusted for marker for renal function, Cystatin C, and cardiac markers N-terminal pro-B-type natriuretic peptide (NT-proBNP) +

cardiac troponin T (hs-cTnT).

4. Discussion

In this large biomarker substudy, we screened the prognostic importance
of 268 protein biomarkers, measured by PEA multiplex and conventional
immunoassays, on their association with CV death in two cohorts of anti-
coagulated patients with AF. Using a high statistical threshold with several
modes of evaluations (Random Survival Forest/Boruta and adjusted Cox-
regression analyses), 10 biomarkers were found to have a strong and con-
sistent association with CV death in anticoagulated patients with AF. Of
these, four were previously known: cTnT-hs, NT-proBNP, IL-6, and GDF-
15, and six biomarkers novel in regard to their association with CV death
in AF: FGF-23, suPAR, TFF3, TNFR1, TRAILR2, and CTSL1, and seem to
reflect a spectrum of different pathological processes.

4.1 Biomarkers associated with CV death

in AF

The two biomarkers having the strongest association with CV death in
both trial cohorts were NT-proBNP and cTnT-hs. These cardiac

biomarkers have in multiple studies shown to be independently associ-
ated with mortality in AF, as well as being strong risk predictors of death
in a variety of cohorts and settings in patients without AF>4"7 | addition
to death, these biomarkers are also associated with other CV outcomes
in AF>¢ These markers, reflecting myocardial stress and dysfunction,
have also been shown to be associated with thromboembolic death.®'®
Our comprehensive study further emphasizes the superiority of NT-
proBNP and cTnT-hs compared to all other 266 markers of inflamma-
tion and CV disease and 13 clinical risk factors including age. The findings
strongly confirm the importance of these two biomarkers in regard to
CV death in AF, even in the context of hundreds of additional bio-
markers. However, in order to further expand our understanding of the
mechanisms involved in CV death in AF, the evaluation of other bio-
markers and disease processes is still important.

IL-6, an important mediator of inflammation with a causal role in heart
disease,'”?® was among the top biomarkers for CV death in the present
study. In AF, higher concentrations of IL-6 have been associated with
higher AF burden and increased mortality.s'21 This study confirms
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Figure 2 Forest plot of the top 50 biomarkers associated with CV death according to adjusted Cox-regression analysis in (A) the identification cohort
and (B) the validation cohort (by P-value). A forest plot showing all 255 biomarkers is available in Supplementary material online, Figures ST and S2. Red
colour indicates biomarkers analysed on CVD Il panel, green colour CVD lll, and blue colour inflammation panel. Biomarkers listed in black were analysed
with conventional immunoassays. Model adjusted for baseline characteristics, renal function, and cardiac biomarkers [N-terminal pro-B-type natriuretic
peptide (NT-proBNP), cardiac troponin T (cTnT-hs)]. The identification cohort included 517 cases with CV death during follow-up and 4057 randomly
selected patients for comparison. The validation cohort included 277 cases with CV death during follow-up and 1042 randomly selected patients for

comparison.

previous findings of the importance of IL-6 regarding the risk of CV death
in AF and IL-6 together with GDF-15 signify inflammation as a substantial
pathophysiologic process in AF and a possible therapeutic target.”

GDF-15 is a marker of oxidative stress and inflammation and has in
previous studies been shown to be a strong predictor of death in AF as
well as other CV diseases.”** In our study, GDF-15 was confirmed as
one of the biomarkers with the strongest association with CV mortality
in AF. GDF-15 is upregulated by ageing, renal dysfunction, diabetes, CV
diseases, inflammation, and is not specific for the heart. It is unclear pre-
cisely what role GDF-15 plays in AF. GDF-15 might work as a counter-
regulatory factor by exerting cardioprotective effects in response to car-
diovascular injury rather than causing the deleterious processes leading
to death.”*

Six other biomarkers less studied in AF, such as FGF-23, suPAR, TFF3,
TNFR1, TRAILR2, and CTSL1, were identified as potential prognostic
biomarkers with strong independent association with CV death in the
present study. FGF-23 is a circulating peptide hormone that regulates
phosphate and, indirectly, calcium balance.”® FGF-23 levels rise in
chronic kidney disease and have been associated with cardiovascular
events and mortality both in patients with ischaemic heart disease and in

patients on haemodialysis, but also in a community-based cohort 2628

Furthermore, in AF, FGF-23 has been shown to be associated with all-
cause mortality in patients with end-stage renal disease,”” and several stud-
ies have also found an association between FGF-23 with incident AF.>%*’
By displaying an association even after adjustment for cardio-renal
markers, our findings extend upon these results and, for the first time,
show a significant importance of FGF-23 for CV death in AF, suggesting
that FGF-23 plays an important role in cardiovascular disease and in AF in
particular. The exact mechanism of how FGF-23 is linked to CV death in
AF is yet to be established but could include induction of left ventricular
hypertrophy and cardiac remodelling,32 a mechanism that might in fact be
reversible by therapeutic interventions.>> Further studies are needed to
clarify the role of FGF-23 in cardiovascular disease and AF.

A novel finding was the independent association of suPAR with CV-
death in AF. uPAR is an important component of the fibrinolytic system
and is involved in cell migration and matrix degradation.>* During inflam-
matory stimulation, uPAR is cleaved from the cell surface of primarily im-
mune cells resulting in a soluble form of uPAR which was the form
analysed in this study. sUPAR has been shown to be associated with car-
diovascular disease, cancer and renal failure.>> In AF, suPAR has been
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Table 4 Spearman correlation between the top candidate PEA biomarkers and established biomarkers

Biomarker NT-proBNP cTnT-hs
cTnT-hs 0.38 -
NT-proBNP - 0.38
IL-6 0.26 0.31
GDF-15 0.35 0.50
suPAR 0.33 0.40
FGF-23 0.11 0.18
TRAILR2 0.39 0.49
TNFR1 0.29 0.45
TFF3 0.34 0.44
CTsL1 0.14 0.18

Cystatin C Il-6 CRP
0.48 0.31 0.14
0.41 0.26 0.14
0.28 - 0.52
0.52 0.36 0.17
0.55 0.38 0.27
0.21 0.20 0.16
0.64 0.37 0.20
0.64 0.33 0.24
0.59 0.24 0.12
0.20 0.17 0.17

Correlation values presented from the identification cohort.

CRP, C-reactive protein; cTnT-hs, cardiac troponin T; CTSL1, cathepsin L1; FGF-23, fibroblast growth factor 23; GDF-15, growth differentiation factor 15; IL-6, interleukin-6; NT-
proBNP, N-terminal pro-B-type natriuretic peptide; suPAR, urokinase receptor; TFF3, trefoil factor 3; TNFR1, tumour necrosis factor receptor 1; TRAILR2, TNF-related apoptosis-

inducing ligand receptor 2.

explored as a predictor for incident AF however with diverging
results.>”*® Our data indicate suPAR as having an important role in
regards to mortality in AF—something that perhaps might be explained
by the role of suPAR in the development of myocardial fibrosis and/or
atherosclerosis, previously demonstrated in animal models.>**°

Another biomarker that was strongly associated with mortality in AF
was TFF3, a member of the trefoil family. Data regarding the involvement
of TFF3 in AF and heart disease are scarce but in experimental models
TFF3 seems to be elevated during myocardial ischaemia, possibly en-
hancing ischaemic myocardial resistance.*® Whether TFF3 is an indirect
marker of myocardial ischaemia or part of a novel pathophysiological
process that leads to mortality in AF needs to be examined further.

TNFR1 is one of the receptors to which tumour necrosis factor alpha
(TNF alpha) binds, mainly leading to necrosis or apoptosis.*’ TNFR1
seems to be increased in heart failure patients compared to controls*
but does not, in our material, strongly correlate with NT-proBNP, an-
other marker of heart failure. Evidence suggests that TNFR1 may partici-
pate in the pathophysiology of heart failure by mediating adverse
remodelling.*® Furthermore, TNFR1 has been shown to be a predictor
for incident heart failure, in particular for the heart failure with preserved
ejection fraction (HFpEF) subtype, a condition that often co-exists with
AF.** The strong association between TNRF1 and mortality in AF has
not, to our knowledge, been described previously. Our finding suggests
the TNF alpha/TNFR1 system as a possible target for therapy for im-
proving outcomes in patients with AF.

Similar to TNFR1, TRAILR?2 is a marker of apoptosis and belongs to
the tumour necrosis factor receptor superfamily.* TRAILR2 concentra-
tions do not seem affected by the presence of AF compared with sinus
rhythm.>' TRAILR2 has previously been associated with heart failure and
AF incidence and was also shown to predict mortality in patients after an
acute myocardial infarction, perhaps reflecting inflammation and apopto-
tic activity.3¢*” Our results extend the latter finding to the AF popula-
tion suggesting that TRAIL-R2 is not specific for AF but rather a marker
that rises in several disease states indicating poor prognosis.

CTSL1 is a lysosomal protease expressed in the heart and is involved
in turnover and degradation of intra- and extracellular proteins.*® It is
thought to help maintain normal cardiac function and morphology,
something that was demonstrated by showing that CTSL1 knockout
mice developed a dilated cardiomyopathy-like syndrome.** Additionally,

CTSL1 has in other animal models been shown to contribute to the re-
pair and remodelling post-myocardial infarction,”® as well as exerting
cardioprotective properties following pressure overload.®" There are
limited data regarding CTSL1 in AF but the levels of CTSL1 in patients
with AF in sinus rhythm are thought to be higher compared to patients
without known history of AF.> In the present study, CTSL1 emerged as
an independent biomarker with strong association with CV death in AF.
However, further research is needed to explore whether CTSL1 con-
tributes to, or protects against, the deleterious processes leading to
death from CV causes.

Many of these newly identified biomarkers with the highest associa-
tion with CV death showed a correlation to renal function. However, in
the present study, Cystatin C, an established renal function marker, did
not show strong independent association with CV death in the Random
Survival Forest analyses in comparison with the other biomarkers, nor
after adjustment for NT-proBNP and cTnT-hs in the Cox analysis. This
suggests that the association with CV death of these newly identified bio-
markers was independent of renal function.

In search for strategies to reduce the non-stroke-related mortality in
patients with AF, exploring the underlying disease processes is of prime
importance as understanding them better could facilitate the identifica-
tion of patients at risk for death, thus allowing for earlier intervention,
optimization of secondary prevention, and possibly even for targeted
therapy to reduce AF-related mortality. This study identified several
novel candidate biomarkers that reflect separate, although in many cases
potentially overlapping biological pathways involved with CV death in
AF, cardiac remodelling, cardio-renal dysfunction, inflammation, cell
death, disturbances in calcium phosphate balance, fibrinolysis, and oxida-
tive stress (Figure 3). The present study provides valuable insights into
important processes involved with CV-death in patients with AF.
Further studies are however needed for exploration of causal relation-
ships and potential therapeutic interventions.

4.2 Strengths and limitations

The present study adds to current knowledge by using mass screening
for identification of candidate biomarkers associated with CV death in
AF, confirmed with validation in an independent dataset. The vast
amount of proteins screened from two contemporary AF cohorts, the
large number of events and sample size and the use of multiple statistical
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Figure 3 Conceptual figure showing top biomarkers and their associated processes in relation to CV death in AF.

methods including both a linear and non-linear evaluation, is some of the
strengths of this study.

Because of the exploratory nature of this study, adding multiplicity ad-
justment would unnecessarily increase the risk for type Il error. The prob-
lem is somewhat alleviated by performing the screening in two separate
study cohorts. Further, the individual Cox-regression analyses were com-
bined with a random forest algorithm that handles all variables simulta-
neously and a Boruta algorithm to make inference about the significance of
the variables’ importance. The Boruta algorithm as well as the Random
Forest algorithm simultaneously handles all the variables and, thus, inher-
ently also handles the multiplicity problem. Finally, since this is a screening
study, the priority was in finding a set of top-ranked proteins, as found in
both cohorts, and not so much in formal statistical significance.

The use of a conservative statistical approach applying two statistical
methods for biomarker selection could result in an overly strict selection
process and thereby fail to identify other potentially important bio-
marker candidates. However, the use of this approach adds robustness
to the screening process and increases the certitude to the selection of
candidate biomarkers. Also, the use of two biomarker PEA panels in the
validation cohort, in contrast to three in the identification cohort, adds
to the possibility of not identifying all biomarkers with strong association
to CV death in AF.

The biomarker associations were studied in two AF populations but
their specificity for the AF setting is not entirely clear.”® For example,
GDF-15 is a predictive marker strongly associated with bleeding and
death in AF, however it is also associated with poor outcomes outside
the cardiovascular disease panorama.>*>> Because of the exploratory

nature of this study, it is hard to draw any conclusions whether the bio-
markers in this study solely reflect biological mechanisms linked to CV
death in AF or more broadly, cardiovascular disease status, comorbidity
burden, or even ageing’® Further studies comparing AF populations
with healthy controls and/or non-AF disease groups are necessary to
study the specificity of the biomarkers and mechanisms for the AF
setting.

The study population was anticoagulated, and our results may thus not
be entirely generalizable to other populations. Another limitation is the lack
of data regarding biomarker level change over time that could point out
mechanisms involved in the processes leading up to death. Even though the
statistical analyses adjusted for patient characteristics, cardiovascular risk
factors, and biomarkers, residual confounding cannot be excluded.

Broad biomarker screening as performed in this study serves as a first
step to identify pathophysiological processes of interest. It allows future
studies to use more focussed mechanistic investigations and evaluate the
identified biomarkers for risk prediction which in extension allows for the
development of decision support tools to improve outcomes in the studied
disease. While appropriate for protein screening purposes, the PEA analytic
method provides relative protein concentrations only and thus, in further
evaluation of clinical usefulness, quantitative assays should be preferred.

5. Conclusion

This comprehensive biomarker screening study to identify biomarkers
associated with CV death in AF confirmed NT-proBNP, cTnT-hs, IL-6,
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and GDF-15 from previous studies and identified six additional novel
biomarkers such as FGF-23, suPAR, TFF3, TNFR1, TRAILR2, and CTSL1,
as the most important out of 268 biomarkers from two large cohorts.
These findings provide valuable insights into important pathophysiologic
processes that may be involved with cardiovascular death in patients
with AF and that, in the future, might be modifiable.
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Supplementary material is available at Cardiovascular Research online.

Author’s contributions

T.P,ZH,].O., AS, LW, and J.L. are responsible for the conceptualiza-
tion and formal analysis of the study results, and contributed to the writ-
ing and revision of the paper. T.P. wrote the original draft. All other
authors contributed to the revision of the paper.

Conflict of interest: T.P.: none. Z.H.: lecture fees from Boehringer
Ingelheim, Roche, Bristol-Myers Squibb, and Pfizer; consulting fees from
Merck Sharp & Dohme, Roche, Bristol-Myers Squibb, and Pfizer. Research
grants from the Swedish Society for Medical Research [S17-0133] and the
Swedish Heart-Lung Foundation [20170718]. J.L.: Institutional research
grants from Boehringer Ingelheim, Bristol-Myers Squibb/Pfizer. J.O.: fees to
his institution from AstraZeneca, Bayer HealthCare, Boehringer Ingelheim,
Bristol-Myers Squibb, Daiichi Sankyo, Pfizer, Portola, Roche Diagnostics,
Sanofi. JH.A: institutional research grants from Bayer, Boehringer
Ingelheim, Bristol-Myers Squibb, Cryolife, CSL Behring, Ferring,
Glaxosmithkline, XaTek; consulting fees/honoraria from AbbVie, Bristol-
Myers Squibb, Cryolife, Glaxosmithkline, Pfizer, Portola. SJ.C.: consulting
fees, speaker fees, and research grants from Boehringer Ingelheim, Bristol-
Myers Squibb, Bayer, Portola; consulting fees and research grants from
Sanofi-Aventis; research grants from Boston Scientific. ].W.E.: Institutional
research grants and honoraria from AstraZeneca, Bayer, Boehringer
Ingelheim, Bristol-Myers Squibb/Pfizer, Daiichi-Sankyo, Eli Lilly, Glaxo
Smith Kline, Janssen, Sanofi. M.D.E: grants and consultant fees from
Boehringer Ingelheim, Bristol Myers-Squibb, Pfizer; consultant fees from
Boston Scientific, Anthos Therapeutic, Alta Therapeutics. C.B.G.: grants
and personal fees from GlaxoSmithKline, Boehringer Ingelheim, Bristol-
Myers Squibb, Pfizer, Sanofi-Aventis, Takeda, The Medicines Company,
Janssen, Bayer, Hoffmann-La Roche; grants from Medtronics Foundation,
Merck & Co., Armetheon; personal fees from Lilly, AstraZeneca, Daiichi
Sankyo, Ross Medical Corporation, Salix Pharmaceuticals, Gilead. RD.L.:
institutional research grant and consulting fees from Bristol-Myers Squibb;
institutional research grant from GlaxoSmithKline; consulting fees from
Bayer, Boehringer Ingleheim, Pfizer, Merck, Portola. S.Y.: grants, speaker
fees, and paid travel expenses from Boehringer Ingelheim. A.S.: institutional
research grants from AstraZeneca, Boehringer Ingelheim, Bristol-Myers
Squibb/Pfizer, GlaxoSmithKline, Roche Diagnostics; consultancy fees from
Olink Proteomics. L.W.: institutional research grants, consultancy fees, lec-
ture fees, and travel support from Bristol-Myers Squibb/Pfizer,
AstraZeneca, GlaxoSmithKline, Boehringer Ingelheim; institutional re-
search grants from Merck & Co, Roche; consultancy fees from Abbott;
holds two patents involving GDF-15.

Funding

This work was supported by The Swedish Foundation for Strategic Research
[grant number RB13-0197]; the Swedish Heart-Lung Foundation [grant num-
ber 20090183]; and Science for Life Laboratory, Uppsala University, Uppsala,

Sweden. The ARISTOTLE trial was funded by Bristol-Myers Squibb Co,
Princeton, NJ, USA and Pfizer Inc., New York, NY, USA, and coordinated by
the Duke Clinical Research Institute, Durham, NC, USA and Uppsala Clinical
Research Center, Uppsala, Sweden. The RE-LY trial was funded by
Boehringer Ingelheim, Ingelheim, Germany. Roche Diagnostics, Rotkreuz,
Switzerland, provided the pre-commercial assay of GDF-15. Roche
Diagnostics was given the opportunity to review and comment on the final
version of the manuscript.

Data availability

The data, analytical methods, and study materials will not be made avail-
able to other researchers for purposes of reproducing the results or rep-
licating the procedure.

References

. Odutayo A, Wong CX, Hsiao AJ, Hopewell S, Altman DG, Emdin CA. Atrial fibrilla-

tion and risks of cardiovascular disease, renal disease, and death: systematic review

and meta-analysis. BMJ 2016;354:i4482.

Hart RG, Pearce LA, Aguilar MI. Meta-analysis: antithrombotic therapy to prevent

stroke in patients who have nonvalvular atrial fibrillation. Ann Intern Med 2007;146:

857-867.

. Granger CB, Alexander JH, McMurray JJ, Lopes RD, Hylek EM, Hanna M, Al-Khalidi

HR, Ansell J, Atar D, Avezum A, Bahit MC, Diaz R, Easton |D, Ezekowitz A, Flaker

G, Garcia D, Geraldes M, Gersh BJ, Golitsyn S, Goto S, Hermosillo AG, Hohnloser

SH, Horowitz J, Mohan P, Jansky P, Lewis BS, Lopez-Sendon JL, Pais P, Parkhomenko

A, Verheugt FW, Zhu ], Wallentin L; ARISTOTLE Committees and Investigators.

Apixaban versus warfarin in patients with atrial fibrillation. N Engl | Med 2011;365:

981-992.

Connolly §J, Ezekowitz MD, Yusuf S, Eikelboom ], Oldgren J, Parekh A, Pogue ], Reilly

PA, Themeles E, Varrone ], Wang S, Alings M, Xavier D, Zhu J, Diaz R, Lewis BS,

Darius H, Diener HC, Joyner CD, Wallentin L; RE-LY Steering Committee and

Investigators. Dabigatran versus warfarin in patients with atrial fibrillation. N Engl |

Med 2009;361:1139-1151.

. Hijazi Z, Wallentin L, Siegbahn A, Andersson U, Alexander |JH, Atar D, Gersh B,

Hanna M, Harjola VP, Horowitz |D, Husted S, Hylek EM, Lopes RD, McMurray |J,

Granger CB; ARISTOTLE Investigators. High-sensitivity troponin T and risk stratifica-

tion in patients with atrial fibrillation during treatment with apixaban or warfarin. J

Am Coll Cardiol 2014;63:52—-61.

Hijazi Z, Wallentin L, Siegbahn A, Andersson U, Christersson C, Ezekowitz J, Gersh

BJ, Hanna M, Hohnloser S, Horowitz |, Huber K, Hylek EM, Lopes RD, McMurray JJ,

Granger CB. N-terminal pro-B-type natriuretic peptide for risk assessment in

patients with atrial fibrillation: insights from the ARISTOTLE Trial (Apixaban for the

Prevention of Stroke in Subjects With Atrial Fibrillation). | Am Coll Cardiol 2013;61:

2274-2284.

Wallentin L, Hijazi Z, Andersson U, Alexander JH, De Caterina R, Hanna M,

Horowitz JD, Hylek EM, Lopes RD, Asberg S, Granger CB, Siegbahn A; ARISTOTLE

Investigators. Growth differentiation factor 15, a marker of oxidative stress and in-

flammation, for risk assessment in patients with atrial fibrillation: insights from the

Apixaban for Reduction in Stroke and Other Thromboembolic Events in Atrial

Fibrillation (ARISTOTLE) trial. Circulation 2014;130:1847-1858.

. Aulin |, Siegbahn A, Hijazi Z, Ezekowitz MD, Andersson U, Connolly S}, Huber K,
Reilly PA, Wallentin L, Oldgren J. Interleukin-6 and C-reactive protein and risk for
death and cardiovascular events in patients with atrial fibrillation. Am Heart | 2015;
170:1151-1160.

. Assarsson E, Lundberg M, Holmquist G, Bjérkesten J, Bucht Thorsen S, Ekman D,
Eriksson A, Rennel Dickens E, Ohlsson S, Edfeldt G, Andersson A-C, Lindstedt P,
Stenvang J, Gullberg M and Fredriksson S. Homogenous 96-plex PEA immunoassay
exhibiting high sensitivity, specificity, and excellent scalability. PLoS One.
2014,9:€95192.

10. Assarsson E, Lundberg M, Holmquist G, Bjorkesten |, Thorsen SB, Ekman D, Eriksson
A, Rennel Dickens E, Ohlsson S, Edfeldt G, Andersson AC, Lindstedt P, Stenvang J,
Gullberg M, Fredriksson S. Homogenous 96-plex PEA immunoassay exhibiting high
sensitivity, specificity, and excellent scalability. PLoS One 2014;9:€95192.

11. Siegbahn A, Eriksson S, Lindbdck J, Wallentin LA. Comparison of the proximity ex-
tension assay with established immunoassays. Science. 2017; sponsored supplement:
22-5.

12. Ishwaran H, Kogalur UB, Blackstone EH, Lauer MS. Random survival forests. Ann Appl
Stat 2008;2:841-860.

13. Buuren SV, Groothuis-Oudshoorn K. mice: multivariate imputation by chained equa-
tions in R. J Stat Software 2011;45:1-67.

14. Miron B, Kursa WRR. Feature selection with the Boruta package. | Stat Software
2010;36:1-13.

-

N

w

B

(S}

o

~

oo

el


https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab262#supplementary-data

2122

T.Poletal

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

R_Core_Team. A Language and Environment for Statistical Computing. Vienna, Austria:
R Foundation for Statistical Computing; 2017.

Wright MN, Ziegler A. ranger: a fast implementation of random forests for high di-
mensional data in C++ and R. J Stat Software 2017;77:1-17.

Omland T, de Lemos JA, Sabatine MS, Christophi CA, Rice MM, Jablonski KA, Tjora
S, Domanski M), Gersh BJ, Rouleau JL, Pfeffer MA, Braunwald E. Prevention of events
with angiotensin converting enzyme inhibition Trial I: a sensitive cardiac troponin T
assay in stable coronary artery disease. N Engl | Med 2009;361:2538-2547.

. Hijazi Z, Oldgren J, Andersson U, Connolly SJ, Ezekowitz MD, Hohnloser SH, Reilly

PA, Vinereanu D, Siegbahn A, Yusuf S, Wallentin L. Cardiac biomarkers are associ-
ated with an increased risk of stroke and death in patients with atrial fibrillation: a
Randomized Evaluation of Long-term Anticoagulation Therapy (RE-LY) substudy.
Circulation 2012;125:1605-1616.

. Swerdlow DI, Holmes MV, Kuchenbaecker KB, Engmann JE, Shah T, Sofat R, Guo Y,

Chung C, Peasey A, Pfister R, Mooijaart SP, Ireland HA, Leusink M, Langenberg C, Li
KW, Palmen ], Howard P, Cooper JA, Drenos F, Hardy J, Nalls MA, Li YR, Lowe G,
Stewart M, Bielinski S, Peto J, Timpson NJ, Gallacher |, Dunlop M, Houlston R,
Tomlinson |, Tzoulaki |, Luan J, Boer JM, Forouhi NG, Onland-Moret NC, van der
Schouw YT, Schnabel RB, Hubacek JA, Kubinova R, Baceviciene M, Tamosiunas A,
Pajak A, Topor-Madry R, Malyutina S, Baldassarre D, Sennblad B, Tremoli E, de Faire
U, Ferrucci L, Bandenelli S, Tanaka T, Meschia JF, Singleton A, Navis GM, Leach |,
Bakker §J, Gansevoort RT, Ford |, Epstein SE, Burnett MS, Devaney JM, Jukema JW,
Westendorp RGJ, de Borst, G van der Graaf, Y de Jong, PA Mailand-van der Zee,
AH Klungel, OH de Boer, A Doevendans, PA Stephens, JW Eaton, CB Robinson, |G
Manson, JE Fowkes, FG Frayling, TM Price, JF Whincup, PH Morris, RW Lawlor, DA
Smith, GD Ben-Shlomo, Y Redline, S Lange, LA Kumari, M Wareham, NJ Verschuren,
WM Benjamin, E] Whittaker, JC Hamsten, A Dudbridge, F Delaney, JA Wong, A Kuh,
D Hardy, R Castillo, BA Connolly, ] van der Harst, P Brunner, E] Marmot, MG
Wassel, CL Humphries, SE Talmud, P Kivimaki, M Asselbergs, FW Voevoda, M
Bobak, M Pikhart, H Wilson, JG Hakonarson, H Reiner, AP Keating, BJ Sattar, N
Hingorani, AD Casas, JP; Interleukin-6 Receptor Mendelian Randomisation Analysis
Consortium. The interleukin-6 receptor as a target for prevention of coronary heart
disease: a mendelian randomisation analysis. Lancet 2012; 379(9822):1214-1224.
Sarwar N, Butterworth AS, Freitag DF, Gregson J, Willeit P, Gorman DN, Gao P,
Saleheen D, Rendon A, Nelson CP, Braund PS, Hall AS, Chasman DI, Tybjeerg-
Hansen A, Chambers JC, Benjamin EJ, Franks PW, Clarke R, Wilde AAM, Trip MD,
Steri M, Witteman JCM, Qi L, van der Schoot CE, de Faire U, Erdmann ], Stringham
HM, Koenig W, Rader DJ, Melzer D, Reich D, Psaty BM, Kleber ME, Panagiotakos
DB, Willeit J, Wennberg P, Woodward M, Adamovic S, Rimm EB, Meade TW,
Gillum RF, Shaffer JA, Hofman A, Onat A, Sundstrém ], Wassertheil-Smoller S,
Mellstrém D, Gallacher J, Cushman M, Tracy RP, Kauhanen J, Karlsson M, Salonen |T,
Wilhelmsen L, Amouyel P, Cantin B, Best LG, Ben-Shlomo Y, Manson JE, Davey-
Smith G, de Bakker PIW, O’Donnell CJ, Wilson JF, Wilson AG, Assimes TL, Jansson
J-O, Ohlsson C, Tivesten A Ljunggren O, Reilly MP, Hamsten A, Ingelsson E,
Cambien F, Hung J, Thomas GN, Boehnke M, Schunkert H, Asselbergs FW, Kastelein
JJP, Gudnason V, Salomaa V, Harris TB, Kooner ]S, Allin KH, Nordestgaard BG,
Hopewell JC, Goodall AH, Ridker PM, Hélm H, Watkins H, Ouwehand WH, Samani
NJ, Kaptoge S, Di Angelantonio E, Harari O, Danesh J; Collaboration IRGCERF.
Interleukin-6 receptor pathways in coronary heart disease: a collaborative meta-
analysis of 82 studies. Lancet 2012;379:1205-1213.

Amdur RL, Mukherjee M, Go A, Barrows IR, Ramezani A, Shoji J, Reilly MP, Gnanaraj
J, Deo R, Roas S, Keane M, Master S, Teal V, Soliman EZ, Yang P, Feldman H, Kusek
JW, Tracy CM, Raj DS; CRIC Study Investigators. Interleukin-6 is a risk factor for
atrial fibrillation in chronic kidney disease: findings from the CRIC study. PLoS One
2016;11:e0148189.

Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, Fonseca
F, Nicolau ], Koenig W, Anker SD, Kastelein JJP, Cornel JH, Pais P, Pella D, Genest |,
Cifkova R, Lorenzatti A, Forster T, Kobalava Z, Vida-Simiti L, Flather M, Shimokawa
H, Ogawa H, Dellborg M, Rossi PRF, Troquay RPT, Libby P, Glynn RJ; CANTOS
Trial Group. Antiinflammatory therapy with canakinumab for atherosclerotic disease.
N Engl | Med 2017;377:1119-1131.

Kempf T, von Haehling S, Peter T, Allhoff T, Cicoira M, Doehner W, Ponikowski P,
Filippatos GS, Rozentryt P, Drexler H, Anker SD, Wollert KC. Prognostic utility of
growth differentiation factor-15 in patients with chronic heart failure. | Am Coll
Cardiol 2007;50:1054—1060.

Kempf T, Eden M, Strelau J, Naguib M, Willenbockel C, Tongers J, Heineke ], Kotlarz
D, Xu ], Molkentin D, Niessen HW, Drexler H, Wollert KC. The transforming
growth factor-beta superfamily member growth-differentiation factor-15 protects
the heart from ischemia/reperfusion injury. Circ Res 2006;98:351-360.

Isakova T, Wahl P, Vargas GS, Gutierrez OM, Scialla J, Xie H, Appleby D, Nessel L,
Bellovich K, Chen ], Hamm L, Gadegbeku C, Horwitz E, Townsend RR, Anderson
CA, Lash JP, Hsu CY, Leonard MB, Wolf M. Fibroblast growth factor 23 is elevated
before parathyroid hormone and phosphate in chronic kidney disease. Kidney Int
2011;79:1370-1378.

Haring R, Enserro D, Xanthakis V, Mitchell GF, Benjamin EJ, Hamburg NM, Sullivan L,
Nauck M, Wallaschofski H, Vasan RS. Plasma fibroblast growth factor 23: clinical cor-
relates and association with cardiovascular disease and mortality in the Framingham
Heart Study. ] Am Heart Assoc 2016;5:¢003486.

27.

28.

29.

30.

3

=

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

iy

42.

43.

44,

45.

46.

47.

48.

Bergmark BA, Udell JA, Morrow DA, Cannon CP, Steen DL, Jarolim P, Budaj A,
Hamm C, Guo ), Im K, Kuder JF, Braunwald E, Sabatine MS, O’'Donoghue ML.
Association of fibroblast growth factor 23 with recurrent cardiovascular events in
patients after an acute coronary syndrome: a secondary analysis of a randomized
clinical trial. JAMA Cardiol 2018;3:473—480.

Gutiérrez OM, Mannstadt M, Isakova T, Rauh-Hain JA, Tamez H, Shah A, Smith K,
Lee H, Thadhani R, Jippner H, Wolf M. Fibroblast growth factor 23 and mortality
among patients undergoing hemodialysis. N Engl | Med 2008;359:584-592.

Nowak A, Friedrich B, Artunc F, Serra AL, Breidthardt T, Twerenbold R, Peter M,
Mueller C. Prognostic value and link to atrial fibrillation of soluble Klotho and FGF23
in hemodialysis patients. PloS One 2014;9:e100688.

Mathew S, Sachs MC, Katz R, Patton KK, Heckbert SR, Hoofnagle AN, Alonso A,
Chonchol M, Deo R, Ix JH, Siscovick DS, Kestenbaum B, de Boer IH. Fibroblast
growth factor-23 and incident atrial fibrillation: the Multi-Ethnic Study of
Atherosclerosis (MESA) and the Cardiovascular Health Study (CHS). Circulation
2014;130:298-307.

. Chua W, Purmah Y, Cardoso VR, Gkoutos GV, Tull SP, Neculau G, Thomas MR,

Kotecha D, Lip GYH, Kirchhof P, Fabritz L. Data-driven discovery and validation of
circulating blood-based biomarkers associated with prevalent atrial fibrillation. Eur
Heart | 2019;40:1268-1276.

Grabner A, Amaral AP, Schramm K, Singh S, Sloan A, Yanucil C, Li J, Shehadeh LA,
Hare JM, David V, Martin A, Fornoni A, Di Marco GS, Kentrup D, Reuter S, Mayer
AB, Pavenstadt H, Stypmann J, Kuhn C, Hille S, Frey N, Leifheit-Nestler M, Richter B,
Haffner D, Abraham R, Bange J, Sperl B, Ullrich A, Brand M, Wolf M, Faul C.
Activation of cardiac fibroblast growth factor receptor 4 causes left ventricular hy-
pertrophy. Cell Metab 2015;22:1020-1032.

Grabner A, Schramm K, Silswal N, Hendrix M, Yanucil C, Czaya B, Singh S, Wolf M,
Hermann S, Stypmann J, Di Marco GS, Brand M, Wacker M), Faul C. FGF23/FGFR4-
mediated left ventricular hypertrophy is reversible. Sci Rep 2017;7:1993.

Waltz DA, Fujita RM, Yang X, Natkin L, Zhuo S, Gerard CJ, Rosenberg S, Chapman
HA. Nonproteolytic role for the urokinase receptor in cellular migration in vivo. Am
J Respir Cell Mol Biol 2000;22:316-322.

Eugen-Olsen ], Andersen O, Linneberg A, Ladelund S, Hansen TW, Langkilde A,
Petersen ], Pielak T, Moller LN, Jeppesen ], Lyngbaek S, Fenger M, Olsen MH,
Hildebrandt PR, Borch-Johnsen K, Jergensen T, Haugaard SB. Circulating soluble uro-
kinase plasminogen activator receptor predicts cancer, cardiovascular disease, diabe-
tes and mortality in the general population. J Intern Med 2010;268:296-308.

Hayek SS, Sever S, Ko YA, Trachtman H, Awad M, Wadhwani S, Altintas MM, Wei
C, Hotton AL, French AL, Sperling LS, Lerakis S, Quyyumi AA, Reiser J. Soluble uro-
kinase receptor and chronic kidney disease. N Engl | Med 2015;373:1916-1925.
Borné Y, Persson M, Melander O, Smith |G, Engstrém G. Increased plasma level of
soluble urokinase plasminogen activator receptor is associated with incidence of
heart failure but not atrial fibrillation. Eur | Heart Fail 2014;16:377-383.

Westin O, Rasmussen LJH, Andersen O, Buch E, Olsen JE, Friberg J. Soluble uroki-
nase plasminogen activator receptor (suPAR) as a predictor of incident atrial fibrilla-
tion. | Atr Fibrillation 2018;10:1801.

Moriwaki H, Stempien-Otero A, Kremen M, Cozen AE, Dichek DA. Overexpression
of urokinase by macrophages or deficiency of plasminogen activator inhibitor type 1
causes cardiac fibrosis in mice. Circ Res 2004;95:637—644.
Fuhrman B. The urokinase system in the pathogenesis
Atherosclerosis 2012;222:8-14.

Idriss HT, Naismith JT. Alpha and the TNF receptor superfamily: structure-function
relationship(s). Microsc Res Tech 2000;50:184—195.

Niethammer M, Sieber M, von Haehling S, Anker SD, Munzel T, Horstick G, Genth-
Zotz S. Inflammatory pathways in patients with heart failure and preserved ejection
fraction. Int | Cardiol 2008;129:111-117.

Higuchi Y, McTiernan CF, Frye CB, McGowan BS, Chan TO, Feldman AM. Tumor
necrosis factor receptors 1 and 2 differentially regulate survival, cardiac dysfunction,
and remodeling in transgenic mice with tumor necrosis factor-alpha-induced cardio-
myopathy. Circulation 2004;109:1892-1897.

Marti CN, Khan H, Mann DL, Georgiopoulou VV, Bibbins-Domingo K, Harris T,
Koster A, Newman A, Kritchevsky SB, Kalogeropoulos AP, Butler ], Health ABC
Study. Soluble tumor necrosis factor receptors and heart failure risk in older adults:
Health, Aging, and Body Composition (Health ABC) Study. Circ Heart Fail 2014;7:
5-11.

Muhlenbeck F, Schneider P, Bodmer JL, Schwenzer R, Hauser A, Schubert G,
Scheurich P, Moosmayer D, Tschopp J, Wajant H. The tumor necrosis factor-related
apoptosis-inducing ligand receptors TRAIL-R1 and TRAIL-R2 have distinct cross-
linking requirements for initiation of apoptosis and are non-redundant in JNK activa-
tion. J Biol Chem 2000;275:32208-32213.

Stenemo M, Nowak C, Byberg L, Sundstrom J, Giedraitis V, Lind L, Ingelsson E, Fall
T, Arnlov J. Circulating proteins as predictors of incident heart failure in the elderly.
Eur | Heart Fail 2018;20:55-62.

Skau E, Henriksen E, Wagner P, Hedberg P, Siegbahn A, Leppert J. GDF-15 and
TRAIL-R2 are powerful predictors of long-term mortality in patients with acute myo-
cardial infarction. Eur | Prev Cardiol 2017;24:1576-1583.

Turk B, Turk D, Turk V. Lysosomal cysteine proteases: more than scavengers.
Biochim Biophys Acta 2000;1477:98-111.

of atherosclerosis.



Biomarker screening for CV-death in AF

2123

49

50.

51.

52.

. Stypmann J, Glaser K, Roth W, Tobin D), Petermann |, Matthias R, Monnig G,
Haverkamp W, Breithardt G, Schmahl W, Peters C, Reinheckel T. Dilated cardiomy-
opathy in mice deficient for the lysosomal cysteine peptidase cathepsin L. Proc Natl
Acad Sci USA 2002;99:6234-6239.

Sun M, Chen M, Liu Y, Fukuoka M, Zhou K, Li G, Dawood F, Gramolini A, Liu PP.
Cathepsin-L contributes to cardiac repair and remodelling post-infarction. Cardiovasc
Res 2011;89:374-383.

Sun M, Ouzounian M, de Couto G, Chen M, Yan R, Fukuoka M, Li G, Moon M, Liu Y,
Gramolini A, Wells GJ, Liu PP. Cathepsin-L ameliorates cardiac hypertrophy through
activation of the autophagy-lysosomal dependent protein processing pathways. | Am
Heart Assoc 2013;2:e000191.

Dudink EA, Weijs B, Tull S, Luermans JG, Fabritz L, Chua W, Rienstra M, Gelder
ICV, Schotten U, Kirchhof P, Crijns H). The biomarkers NT-proBNP and CA-125 are
elevated in patients with idiopathic atrial fibrillation. | Atr Fibrillation 2018;11:2058.

53.

54.

55.

56.

Camelo-Castillo A, Rivera-Caravaca JM, Marin F, Vicente V, Lip GYH, Roldén V.
Predicting adverse events beyond stroke and bleeding with the ABC-stroke and
ABC-bleeding scores in patients with atrial fibrillation: the Murcia AF Project. Thromb
Haemost 2020;120:1200-1207.

Myhre PL, Prebensen C, Strand H, Roysland R, Jonassen CM, Rangberg A, Sorensen
V, Sovik S, Rosjo H, Svensson M, Berdal JE, Omland T. Growth differentiation factor
15 provides prognostic information superior to established cardiovascular and inflam-
matory biomarkers in unselected patients hospitalized with COVID-19. Circulation
2020;142:2128-2137.

Wollert KC, Kempf T, Wallentin L Growth Differentiation Factor 15 as a Biomarker
in Cardiovascular Disease. Clin Chem. 2017;63:140-151.

Esteve-Pastor MA, Roldan V, Rivera-Caravaca JM, Ramirez-Macias |, Lip GYH, Marin
F. The use of biomarkers in clinical management guidelines: a critical appraisal.
Thromb Haemost 2019;119:1901-1919.

Translational perspective

In patients with AF, there is an unmet need for better understanding of the pathophysiological processes involved with CV death. Using a targeted
proteomic approach, 10 biomarkers were identified as having a strong association with CV death. The identified biomarkers reflect several biological
pathways involved with CV death in AF. The present study provides valuable insights into important processes involved with CV death in patients
with AF and may facilitate the identification of important risk factors for death, thus allowing for earlier intervention and possibly even for targeted

therapy to reduce AF-related mortality.
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