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Chapter 1 Introduction




Atrial fibrillation (AF) is the most common arrhythmia and is a growing epidemic.(1-6) The
prevalence of AF has increased 3-fold in the last 50 years and recent data shows a lifetime risk of
1 in 3 in people with European ancestry and 1 in 5 people with Afro-American ancestry.(2,5)
Available data estimates that AF affects on average 9 million people in Europe and 5 million
people in the United States older than 55 years and it is expected that these ciphers double or triple
by the year 2050.(2,6) The incidence of AF is increasing due to aging of the population, improved
diagnostic tools to detect AF, more awareness of its existence and better survival due to advanced
therapies for associated comorbidities. (2,5,6)

AF is a progressive disease that often starts with sporadic self-terminating episodes and may
evolve to more frequent, longer and non-self-terminating AF.(7) AF progression has been
associated with worse prognosis, such as an increase in development of heart failure (HF)
hospitalizations,(8,9) stroke,(10) mortality,(10) and impairment of quality of life.(11) Patients with
AF often present with symptoms such as palpitations, fatigue, dizziness, dyspnoea, chest pain and

anxiety.(12) However, AF may also be asymptomatic.(13)

AF almost never comes alone and is associated with risk factors and comorbidities, including
hypertension, obesity and heart failure(Figure 1).(14,15) Risk factors and comorbidities may start
already the remodelling processes of the atria (and ventricles) long before the first AF episode is
being detected (Figure 2).(3,9,18) Established traditional risk factors and comorbidities include
ageing, coronary heart disease, heart failure, hypertension, diabetes, obesity, significant valvular
diseases, thyroid disease, and excessive as well as deficient physical activity (Figure 1).(3,6,15)
Progression of AF further contributes to deterioration of the remodelling processes (Figure 2).(17)
AF also affects ventricular remodelling. (17) The presence of these risk factors and comorbidities
cause electrical and structural changes in the atria, nowadays named Atrial Cardiomyopathy
(ACM), and sets the stage for AF initiation and its progression. (7,8,17,19-21)

ACM pathophysiology and contributors

ACM is defined as atrial structural, architectural, contractile, or electrophysiological changes with
potentially clinical manifestations.(17) AF is not only a risk factor for ACM but often also a marker
of it, and a consequence.(17) Classification of ACM is suggested by the EHRAS scheme (for
European Heart Rhythm Association; EHRA/Heart Rhythm Society; HRS/Asian Pacific Heart



Rhythm Association; APHRS/Latin American Society of Electrophysiology and Cardiac
Stimulation; SOLAECE) which states four main groups: 1) principal cardiomyocyte changes; II)
principally fibrotic changes; 111) combined cardiomyocyte-pathology/fibrosis; and V) primarily
non-collagen infiltration (with or without cardiomyocyte changes).(17) This classification allows
describing underlying pathophysiology in various clinical conditions. For clinical practice,
however this classification not feasible yet as we have only limited diagnostic abilities of atrial

imaging and mapping.(22)

Structural remodelling is the main contributor to the ACM and includes cellular hypertrophy,
fibrosis and myolysis amongst others eventually causing atrial contractile dysfunction and atrial
enlargement. Available data now suggests that structural remodelling is caused by a convergence
of different pathophysiological processes including the activation of the renin angiotensin-
aldosterone system, calcium dysregulation, cardiomyocyte stretching, production of natriuretic
peptides, inflammation and the production of reactive oxidative species and may vary among
patients depending on their underlying comorbidities,(15,23-26) as type and severity of the

comorbidities and the number of comorbidities contribute to this remodelling process.

A very prevalent and impactful comorbidity associated with AF and its progression is HF. AF and
HF often coexist and their overlapping risk factors and comorbidities suggest at least in part
common underlying pathophysiological processes. Individually, the presence of each condition
increases the risk of stroke and death,(27,28) and the combination ameliorates prognosis.(29-31)
AF is equally common in patients with HF with preserved ejection fraction (pEF) and patients with
HF with reduced ejection fraction (rEF), however, may have even worse adverse effects in
HFpEF.(32,33)

ACM increases along with age as the result of chronic subclinical inflammation and the production
of reactive oxidative species (ROS) resulting in vascular deterioration. (17,38-40) Fibrotic changes

in the atria are the most common histological alteration (EHRAS Class I1).
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Figure 1 (36)Overview of risk factors associated with the development of ACM in atrial
fibrillation (2,5,15,37)

ACM assessment in AF

As stated before the classification for an ACM at present is clinically not useful.(17) Assessment
of the severity of the ACM using clinical parameters is relevant as it contributes to optimizing
personalized therapy of patients with AF.(17,30) The best validated imaging modality at present
to assess ACM is echocardiography, in particular LA size and volume.(17) Newer imaging
techniques, however, may provide earlier and more precise detection or ACM.(43,44) Speckle

tracking is a 2D echocardiographic technique that measures the percentage of deformation of each



of the cardiac chambers.(45,46) Speckle tracking has the advantage to be less affected by loading
conditions in comparison to volumetric methods(47) and has been suggested to be an earlier

marker of ACM outperforming atrial volumes. (Figure 2)(48-50)

Another option to assess severity of the ACM includes blood biomarkers associated with different
underlying pathophysiological processes. Inflammatory biomarkers, such as C-reactive protein,
have been associated to incidence of AF in men.(4) N-terminal pro-B-type natriuretic peptide, a
marker of myocardial stretch, has also been associated to incidence of AF. (4,11) An important
limitation of blood biomarkers is that they are not atrial specific thus also provide information on
ventricular remodelling.(51) At present, a way to assess the severity of the ACM has been
suggested by the ESC guideline postulation of the 4 S score including Stroke risk, Symptoms,
Severity of AF burden and Substrate (30,52) The last S includes the substrate, i.e. ACM but definite
tools to assess, as previously stated, are not available.

D & iy

AF subclinical paroxysmal persistent permanent

burden' ' | ||| i

Atrial
Cardiomyopathy

Figure 2. Conceptual figure of the natural history of atrial fibrillation and ACM. In blue section

shows tools to detect risk factors and comorbidities and the ACM, including clinical evaluation,
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echocardiography and blood biomarkers. The yellow section represents the progression of the
remodelling process, i.e. the ACM along the natural history of risk factors and comorbidities and
AF itself due to electrophysiological, structural and contractile changes of the atria. The blue line
curve represents the accumulation of comorbidities and risk factors among others, alcohol
consumption, obesity, hypertension, age, and diabetes. The gray bar represents the total time of a
patient with grey indicating sinus rhythm and black episodes of AF, which in the beginning often
are very short of duration and self-terminating. The red arrow represents adverse events associated
with progression of AF including stroke, hospitalizations and mortality.



AIMS OF THIS THESIS

The comprehension of underlying mechanisms of AF and its progression are still not fully
understood. Risk factors and comorbidities underlying ACM play an essential role in the
occurrence of AF and AF progression but their relation is complex. Therefore, the aim of this thesis
is to provide insights on how some risk factors, comorbidities and sex differences relate to AF and
its progression. These insights are provided by exploring underlying mechanisms using clinical,
echocardiographic and blood biomarkers. In addition, this thesis aims to explore the role of the
ACM in AF and its progression. In CHAPTER 1, as an introduction, we describe the interrelation
between ACM and AF and how risk factors and comorbidities play a role in the origin of both. In
order to assess how comorbidities are accompanying ACM in patients with AF, we investigate in
CHAPTER 2 the association of risk factors and comorbidities with the severity of the atrial
remodelling, i.e. ACM, in patients with AF. AF and HF often occur together. However, HFpEF is
difficult to diagnose in AF patients. With the aim to differentiate between AF patients with and
without HFpEF we evaluate the severity of ACM using echocardiographic speckle tracking in
both groups of patients in CHAPTER 3. Pursuing the understanding of differences in AF
mechanisms between men and women, in CHAPTER 4 we assess differences in
pathophysiological biological processes underlying AF and HFrEF using biomarkers and pathway
analysis. We also explore new possible understudied comorbidities in patients with AF and HF
with reduced ejection fraction in CHAPTER 5, with the help of blood biomarkers and pathway
analysis. In order to evaluate the clinical utility of the recent proposed 4S-AF (stroke risk,
symptoms, severity of AF burden, substrate), in CHAPTER 6 we use this comprehensive scheme,
to characterize patients with self-terminating AF and make a step forward into assessing how this
scheme predicts AF progression. In CHAPTER 7, we explore how blood biomarkers may help to
identify more advanced stages of an ACM and AF. Finally, we summarize and interrelate the main
points of this thesis and we put them into perspective for possible research and clinical
implications.in CHAPTER 8.
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Abstract

Aims. To identify the association between comorbidities and left atrial (LA) and right atrial (RA)

function in patients with paroxysmal atrial fibrillation (AF).

Methods. This is a cross-sectional study. Speckle-tracking echocardiography was performed in
344 patients with paroxysmal AF at baseline, and available in 298 patients after 1-year follow-up.
The number of comorbidities (hypertension, diabetes mellitus, coronary artery disease, body mass
index > 25 kg/m?, age > 65 years, moderate to severe mitral valve regurgitation and kidney
dysfunction (estimated glomerular filtration rate < 60 ml/min/1.73 m?)) was determined and the

association with atrial strain was tested.

Results. Mean age of the patients was 58 (SD 12) years and 137 patients were women (40%).
Patients with a higher number of comorbidities had larger LA volumes (p for trend <0.001), and
had a decrease in all strain phases from the LA and RA, except for the RA contraction phase (p for
trend 0.47). A higher number of comorbidities was associated with LA reservoir and conduit strain
decrease independently of LA volume (p <0.001, p <0.001 respectively). Patients with 1-2
comorbidities, but not patients with 3 or more comorbidities, showed a further progression of
impaired LA and RA function in almost all atrial strain phases at 14 [13-17] months follow-up.

Conclusions. In patients with paroxysmal AF, individual and combined comorbidities are related
to lower LA and RA strain. In patients with few comorbidities, impairment in atrial function
progresses during one year of follow-up. Whether comorbidity management prevents or reverses

decrease in atrial function warrants further study.
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Introduction

Atrial fibrillation (AF) is a progressive disease, which is mainly determined by structural atrial
remodelling processes, called atrial cardiomyopathy (1), due to long-term exposure to concomitant
cardiovascular risk factors and AF itself. One component of the arrhythmogenic atrial substrate is
left atrial (LA) dilatation, which is common in patients with AF and has been shown to predict AF
occurrence and cardiovascular events (2). In addition to LA dilatation, also LA function is a

predictor of stroke risk and cardiovascular outcomes in patients with AF (3,4).

Functional impairment of atrial deformation properties represents an important component of the
progressive atrial remodelling and AF substrate (5). During ventricular systole, LA strain (LAS)
reflects LA expansibility and stiffness (6). Deformation in the LA reservoir (LASr) strain phase
has been related to recurrence rates of AF after catheter ablation (3) and increased propensity for
first episode of AF or atrial flutter, independent of LA volume, left ventricular (LV) function, and
clinical risk factors (7). Despite the clear correlation between impaired reservoir deformation and
AF, determinants of all phases from both the left and, specially, the right atria (RA) in patients
with paroxysmal AF are unclear (8).

In this sub-study of the prospective, observational, multicenter “The identification of a risk profile
to guide atrial fibrillation therapy (AF-RISK)” study (9), we aimed to accomplish the following
two objectives: 1.) to identify the underlying comorbidities associated with reservoir, conduit and
contractile phases of both atria, and 2.) to assess strain change after one year follow-up based on
underlying comorbidities in patients with paroxysmal AF.

Methods

Study design. This is an ancillary sub-study of “The identification of a risk profile to guide atrial
fibrillation therapy (AF-RISK)” study. AF-RISK was a multicenter, prospective study to assess
AF progression rate, clinical, echocardiographic factors, and blood biomarkers associated with AF
progression in patients with a short history of AF, and the association of AF progression with
cardiovascular morbidity and mortality. Details are outlined elsewhere (9). AF-RISK was
performed in The Netherlands (University Medical Centre Groningen and the Maastricht

University Medical Centre +). The study was performed in concordance with the Declaration of
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Helsinki, was approved by the institutional review boards, and was registered on ClinicalTrials.gov
(identifier NCT01510197). All patients gave written informed consent.

Study population. Patients with a short history of paroxysmal AF were consecutively and
prospectively enrolled for AF-RISK between March 2009 and April 2016 in the University
Medical Center Groningen (UMCG) and the Maastricht University Medical Center (MUMC+),
the Netherlands. Inclusion criteria for paroxysmal AF were time since diagnosis < 2 years, or < 3
years in case of <2 AF episodes of <48 h per month terminating spontaneously. General exclusion
criteria were a history of heart failure > 3 years; a history of severe valvular disease; acute coronary
syndrome (ACS) within the previous month; AF classified as post-operative; or a contra-indication
for oral anticoagulation. All patients received treatment focused on rhythm control according to
the AF guidelines (10). This treatment initially included causal treatment of underlying (heart)
disease, adequate rate control therapy and initiation of antiarrhythmic drugs (AAD) in case of
(frequent) symptomatic AF recurrences. At inclusion, patients’ demographics and clinical
characteristics were collected. Standard physical examination was performed. Additional
examination at baseline consisted of ECG, blood sampling, 24-h Holter-monitoring, and exercise

test.

For this sub-study, 344 patients with available transthoracic echocardiography (TTE) during sinus
rhythm at baseline were studied. TTE during sinus rhythm at approximately 1-year follow-up was
available in 298 patients, of which 225 LA strain (LAS) and 159 RA strain (RAS) analyses were

available to assess progression (Supplementary Figure 1).

Transthoracic echocardiography. Standard TTE was performed according to the
recommendations of the European Association of Cardiovascular Imaging (EACVI), using
commercially available ultrasound systems with phased array transducers (Vivid 5, Vidid 7 or
Vivid E9, Vivid E95 scanner, GE Vingmed Ultrasound AS, Horten, Norway). Images were
acquired in left lateral decubitus position and recorded as ECG-gated digital loops and stored for
offline analysis. Because the objective of the main study did not include investigating speckle-
tracking echocardiography (STE), image acquisition was not specifically optimized for this
purpose (mean frame rate 51 (SD 8) Hz). Atrial and ventricular dimensions, and valvular function
were measured according to the EACVI guidelines (11). Systolic left ventricular ejection fraction

(LVEF) was measured using the Simpson biplane method of discs.
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Speckle-tracking echocardiography. All echocardiography recordings were anonymized and
transferred to a core-lab facility for further offline analysis. Longitudinal strain assessment of the
LA, RA and LV was performed during one corresponding cardiac cycle in sinus rhythm. Strain
analysis was conducted offline by one experienced observer blinded to clinical data, using
dedicated vendor-specific software (EchoPAC, GE Healthcare). Strain analysis was performed
during sinus rhythm. LV global longitudinal strain (GLS) was analyzed in the apical two-, three-
and four-chamber views using the 18-segment model. LAS and RAS were assessed in apical four-
chamber view only. The regions of interest were manually outlined by marking the endocardial
and epicardial borders in the LV end-systolic frame. End-systole was automatically defined by the
software. The software automatically tracks myocardial speckle patterns frame-by-frame during
one cardiac cycle (RR-interval). Suboptimal tracking, considered by either visual or automated
assessment, was manually adjusted by redrawing the region of interest. If suboptimal tracking
persisted despite multiple attempts, the concerning region of interest was eliminated from analysis.
For all available strain analysis, the raw data were stored. An example of the LAS analysis is

shown in Supplementary Figure 2.

LAS was determined during reservoir phase (LASr) and during active contraction phase (LASct).
LAS during conduit phase (LAScd) was calculated from LASr minus LASct. RAS was determined
in a similar fashion for reservoir phase (RASr), contraction phase (RASct) and conduit phase
(RAScd). For the left ventricle, we measured GLS defined as peak negative strain. GLS was
measured in the average curve combining all segmental curves, if >12 available. If less than 12
segmental strain curves were available, GLS was not thought to be representative and was
therefore excluded. All strain parameters were defined conform to the EACV I consensus document
(12).

Covariate definitions. Total AF history was defined as time from first documented AF episode
till inclusion. Hypertension was defined as a systolic blood pressure > 140 mmHg and/or diastolic
blood pressure > 90 mmHg, or by the use of antihypertensive drugs. Diabetes mellitus was defined
as history of diabetes or use of anti-diabetic drugs. Clinical presentation of heart failure was
defined as left ventricular ejection fraction (LVEF) < 45% at baseline or LVEF > 45% with
symptoms associated with heart failure (New York Heart Association functional class Il or I11) or

previous hospitalization for heart failure. Kidney dysfunction was defined as estimated glomerular
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filtration rate (eGFR) < 60 ml/min/1.73 m2. The eGFR was calculated using modification of diet
in renal disease formula: 175 x (serum creatinine x 0.0113)-1.154 x age-0.203 (x 0.742 if female).

The ratio of weight to height squared (kg/m2) was used for calculation of body mass index (BMI).

The number of comorbidities is defined as the sum of the presence of the following comorbidities,
awarded each a point: hypertension, coronary artery disease, age > 65 years, diabetes mellitus,

BMI > 25 kg/m2, moderate to severe mitral valve regurgitation, or kidney dysfunction.

Values of left atrial volume indexed (LAVI) > 34 ml/m2 were considered abnormal. Values of

right atrial volume indexed (RAVI) > 30 ml/m2 were considered abnormal.

Statistical analysis. Continuous variables with normal distribution are expressed as mean and
standard deviation (SD), otherwise as median with interquartile range (IQR). Categorical variables
are presented as observed number with percentage. Continuous variables were compared using
independent Student's t-test or the Mann-Whitney U test, as appropriate. To assess the trend of
strain measures over the number of comorbidities, one-way ANOVA was used. For categorical
variables Chi-square or Fisher's exact test were used to evaluate differences. Univariate and
multivariate logistic regression were performed to establish association between comorbidities
echocardiographic parameters. Paired t-test was used to assess changes of strain measures during
approximately 1-year follow-up. A two-tailed value of p < 0.05 was considered statistically

significant. Software R was used to perform analysis.
Results

Mean age of the population was 58 (SD 12) years and 137 patients were women (40%). The median
history of AF at baseline was 5 2-18 months, 182 patients had heart failure (52%; 2% heart failure
with reduced LVEF) and 272 had hypertension (79%) (Table 1).
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Table 1. Clinical and echocardiographic baseline characteristics presented for total population and
stratified according to number of comorbidities.

Total Number of comorbidities

population 0(n=27) 1(n=87) 2

(n =344) (n=131)
Clinical characteristics
Age, years 58412 46+13 53+12 57+10 6748 <0.001
Women, n (%) 137(40) 11(41) 34(39) 41(31) 51(52) 0.022
History of AF,  5(2-18) 32-12)  5(2-19)  6(2-19)  6(2-18) 0.573

months (range)
Follow up time,  13.9+2.0 150+43.3 139119 13.7+1.8 13.9+1.7 0.032
months

Heart failure, n 182 (53) 9 (33) 44 (51) 75 (57) 54 (55) 0.142
(%)
HFpEF, n (%) 174 (51) 9 (33) 44 (51) 70 (53) 51 (52) 0.299
HFrEF, n (%) 8(2) 0 (0) 0 (0) 5(4) 33 0.239
Hypertension,n 272 (79) 0 (0) 47 (54) 127 (97) 98 (99) <0.001
(%)
Diabetes, n (%) 29 (8) 0 (0) 2 (2) 1(1) 26 (26) <0.001
Coronary artery 18 (5) 0 (0) 1(1) 0 (0) 17 (17) <0.001
disease, n (%)
Peripheral artery 8 (2) 0(0) 0(0) 3(2) 5(5) 0.114
disease, n (%)
TIA or stroke,n 18 (5) 0 (0) 313 9(7) 6 (6) 0.408
(%)
BMI, (kg/m?) 27.6%5.0 226 1.7 257446  28.5+5.0 29.5+4.3 <0.001
Overweight,n 223 (65) 0(0) 31 (36) 102 (78) 90 (91) <0.001
(%)
Kidney 35(10.2) 0(0.0) 0(0.0) 5(3.8) 30 (30.3) <0.001
dysfunction, n
(%)
Mitral valve 3(0.9) 0 (0.0) 0 (0.0) 0 (0.0) 3(3.0) 0.058
regurgitation, n
(%)
EHRA Score, n 0.301
(%)
I 94(27) 6(22) 28(32) 28(21) 32(32)
I 203(59) 18(67) 44(51) 86(65) 54(55)
i 47(14) 3(11) 15(17) 17(13) 13(13)
CHA;DS>-VASc 1.5+1.4 0.440.5 0.8+0.8 1.3+1.1 2.9+1.3 <0.001
score?

Echocardiography
LAVI, mL/m? 32+9 25+9 30+8 33+10 3449 <0.001
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RAVI, mL/m? 35+12 33%9 34+12 36+13 35+11 0.507

LV ejection 57+4 58+2 58+2 57+4 57+4 0.027

fraction, %

LV mass index, 81+18 7019 77+15 84+20 8317 0.001

g/m?

e’ 10+2.8 14+3.6 11+2.6 10+2.4 8+1.9 <0.001

E/A ratio, 1.1(0.9-14) 1.3(1.1- 1.1(1.0- 1.0(0.9- 1.0(0.8- 0.001

(range) 1.6) 1.4) 1.3) 1.2)

E/e’, (range) 6.9(5.8-8.8) 5.5(4.7- 6.6(5.4— 6.8(5.8—  8.5(6.7- <0.001
6.1) 7.9) 8.1) 10.3)

Speckle-tracking echocardiography

LA strain, %
Reservoir 34.0+12.6 46.2+10.3 39.0+10.9 33.0+10.6 27.2+10.5 <0.001
Conduit 18.2+9.2 27.949.6  21.949.7 153481 13.546.3 <0.001
Contraction 15.7£7.2 18.3£7.5 17.1+6.7  15.847.5 13.6%6.7 0.004

RA strain, %
Reservoir 44.5+14.0 53.71125 46.2+13.0 44.4+14.4 39.7+13.4 <0.001

Conduit 25.0+10.4 32.3+9.6 26.5+10.3 24.6+10.2 21.249.3 <0.001
Contraction 19.6+8.2 21.5+8.3 19.7¢8.2  19.7#8.2 18.5%8.2 0.470

GLS, % —19.3+2.9 —20.2¢1.9 -20.1+25 -19.843.1 -18.6+2.9 0.002

AF = atrial fibrillation; EHRA = European Heart Rhythm Association symptom classification;
LAVI = left atrial volume indexed; RAVI = right atrial volume indexed.

a The CHA2DS2-VASc score assesses thromboembolic risk. C, congestive heart failure/LV
dysfunction; H, hypertension; A2_, age > 75 years; D, diabetes mellitus; S2_, stroke/transient
ischaemic attack/systemic embolism; V, vascular disease; A, age 65—74 years; Sc, sex category
(female sex).

Individual and combined comorbidities and atrial strain. In total, echocardiographic studies
were available in 344 patients with paroxysmal AF. Strain analysis by STE was feasible in the LA
in 309 (90%) patients, in the RA in 253 (74%) patients and in the LV in 321 (93%) patients. The

echocardiographic baseline characteristics are presented in Table 1.
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Assessing the relation between individual comorbidities and atrial strain, BMI > 25 kg/m? was
associated with lower strain in both atria throughout all phases. Age > 65 years and diabetes were

associated with lower strain values of both atria, except for RASct (Supplementary Table 1).

Table 2. Comorbidities compared by LAV for strain parameters of both atria. LAS and RAS cut-
off values were determined based on the median in this population.

Normal LAVI Dilation LAVI
(<34ml/m?) (>34ml/m?)
LA reservoir strain
<33.1 >33.1 p <33.1 >33.1 p
(n=65) (n=106) (n=72) (n=37)
Comorbidities 2.1+1.0 15+1.0 <0.001 2.7+1.2 1.7 1.0 <0.001
LA conduit strain
<17.7 >17.7 p <17.7 >17.7 p
(n=71) (n=100) (n=68) (n=41)
Comorbidities 2.8+0.9 1.4+1.0 <0.001 2.8+1.2 1.7 +0.9 <0.001
LA contraction strain
<15.1 >15.1 p <15.1 >15.1 p
(n=67) (n=104) (n=73) (n=36)
Comorbidities 1.8+1.2 1.7+09 0.720 25+1.2 2.1+1.2 0.132
Normal RAVI Normal RAVI
(<30ml/m?) (>30ml/m?)
RA reservoir strain
<445  >445 p <445 >44.5 p
(n=40)  (n=50) (n=80) (n=72)
Comorbidities 2.3+#1.3 1.7+1.3 0.031 2.1+1.2 1.6+1.0 0.015
RA conduit strain
<24.0 >24.0 p <24.0 >24.0 p
(n=41)  (n=49) (n=78) (n=74)
Comorbidities 2.2+1.3 1.7+1.3 0.097 2.1+1.2 1.6 +1.0 0.003
RA contraction strain
<19.2 >19.2 p <19.2 >19.2 p
(n=39) (n=51) (n=83) (n=69)
Comorbidities 2.2+1.2 18+14 0.137 2.0+1.8 1.7 +1.0 0.147

LA=left atrium; LAVI=left atrial volume indexed; RA=right atrium; RAVI=right atrial volume
indexed. Comorbidities were calculated by awarding a point to each of the following
comorbidities, hypertension, age >65 years, diabetes, coronary artery disease, body mass index

>25, kidney dysfunction, and moderate or severe mitral valve regurgitation.



Patient characteristics were evaluated by the combined number of comorbidities as 0, 1, 2 and 3
or more (Table 1). Patients with more comorbidities had higher LAVI (p for trend <0.001) and
had lower LAS and RAS, except for the RASct (p for trend 0.47).

Table 3. Changes in atrial strain parameters after 1-year follow-up by number of comorbidities.

n Baseline Follow-up 1-year MD p

0 Comorbidities
reservoir 46.2 +10.3 39.3+16.4 6.32 0.146
LA conduit 20 27.9+9.6 27.0+14.3 1.23 0.696
contraction 18.3+7.5 12.3+54 5.09 0.003
reservoir 53.7+125 415+149 10.01 0.024
RA conduit 18 32.3+9.6 25.6 £10.7 5.69 0.070
contraction 21.5+8.3 15.9+6.9 4.32 0.058

1 Comorbidities
reservoir 39.0 £10.9 34.9 £10.7 4.28 0.008
LA conduit 62 21.9+9.7 19.7 £7.6 2.25 0.041
contraction 17.1 +6.7 15.2+7.4 2.04 0.036
reservoir 46.2 £13.0 43.4 +13.5 4.60 0.027
RA conduit 52 26.5+10.3 26.0 9.9 0.85 0.599
contraction 19.7 £8.2 17.5+75 3.74 0.003

2 Comorbidities
reservoir 33.0£10.6 31.4+10.9 2.44 0.112
LA conduit 88 15.3+8.1 16.2 £7.7 1.44 0.142
contraction 15.8+7.5 15.1+6.4 0.99 0.223
reservoir 44.4 +14 .4 37.5+12.0 7.70 <0.001
RA conduit 54 24.6 +10.2 21.6 9.6 3.79 0.005
contraction 19.7 £8.2 16.0 +6.0 391 <0.001

3 or more Comorbidities

reservoir 27.2 £10.5 26.5+8.4 2.58 0.107
LA conduit 55 13.5+6.3 13.7 +6.4 0.38 0.713
contraction 13.6 £6.7 12.8 +5.1 2.20 0.023
reservoir 39.7 £13.4 38.2+12.9 3.21 0.256
RA conduit 35 21.2+49.3 18.1+7.8 3.52 0.016
contraction 18.5 +8.2 20.1 +8.6 -0.31 0.870

Comorbidities were calculated by awarding a point to each of the following comorbidities,
hypertension, heart failure, age >65 years, diabetes mellitus, coronary artery disease, BMI >25
kg/m?, moderate to severe mitral valve regurgitation and kidney dysfunction (eGFR <60
ml/min/1.73m?). LA=left atrium; MD=mean difference; RA=right atrium.

23


https://www.internationaljournalofcardiology.com/article/S0167-5273(22)00747-1/fulltext#t0005

Strain decreased proportionally to the number of comorbidities, predominantly in reservoir and
conduit phases of both atria (Table 1 and Figure 1). After adjusting for atrial volumes, a higher
number of comorbidities was most strongly associated with a decrease in LAScd among all strain
parameters, (OR per 1% LAScd decrease 0.92, 95%CI:0.88-0.96) (Supplementary Table 2).

Atrial dilation and atrial function. All LAS parameters were correlated with LAVI, and all RAS
parameters were correlated with RAVI (Supplementary Table 3). However, patients with lower
LASr had more comorbidities irrespective of LAVI (LAVI < 34 ml/m?, 1.9 (SD 1.0) vs 1.3 (SD
1.0), p=0.002; LAVI > 34 ml/m?, 2.4 (SD 1.2) vs 1.3 (SD 1.0), p=0.007). The same was
observed in patients with lower LAScd (Table 2).Patients with lower RASr had more

comorbidities irrespective of RAVI (Table 2).

Progression of atrial strain impairment. At follow-up LAS was available in 225 patients and
RAS in 159 patients (Supplementary Figure 1). Patients with 1 to 2 comorbidities showed a further
decrease in LAS and RAS in almost all phases at 14 13-17 months follow-up. Conversely, patients
with 3 or more comorbidities had less or no further progressive impairment of LA and RA function
within one year follow-up (Table 3).

Discussion. Our study shows that the presence of individual and combined comorbidities is
associated with a decrease in atrial function measured by STE in patients with paroxysmal AF.
Importantly, these findings were independent of indexed atrial volumes, suggesting that LAS and
RAS assessed by STE may be early markers of the atrial remodelling process as a result of
concomitant comorbidities even before the atria start to dilate. Furthermore, follow-up data
showed that impairment in atrial function progresses after one year in patients with few

comorbidities.

Atrial cardiomyopathy. Exposure to comorbidities has been shown to contribute to a progressive
atrial remodelling process, which is considered to be an interplay of structural, electrical and
functional alterations of the atria (4). Structural remodelling is characterized by atrial dilatation,
cardiomyocyte hypertrophy and increased extracellular matrix formation, which influences
electrical remodelling by increasing local conduction disturbances and maintenance of AF (11,13).
LAVI is well-embedded in the routine echocardiographic examination as a surrogate for structural

atrial remodelling (14) and has been shown to be associated with adverse cardiovascular outcomes
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in various cardiac diseases. However, functional atrial remodelling is gaining more interest as atrial

strain analysis using STE, which is a feasible and reproducible technique (15).

Figure 1. Left and right atrial strain parameters grouped by the number of comorbidities.
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hypertension, heart failure, age > 65 years, diabetes mellitus, coronary artery disease, BMI > 25
kg/m2, moderate to severe mitral valve regurgitation and kidney dysfunction (eGFR < 60
ml/min/1.73m2). Y-axis expresses percentage of deformation measure by 2D speckle-tracking

echocardiography. Point within the graph expresses mean and lines determine standard deviation.

25



LASr = left atrial reservoir strain; LAScd = left atrial conduit strain; LASct = left atrial contraction

strain; RASr = right atrial reservoir strain; RAScd = right atrial conduit strain;

In this study, we demonstrated that atrial dysfunction is associated with atrial dilatation and both
parameters are correlated with the cardiovascular risk profile, underlining the interplay of
structural and functional alterations within the atrial remodelling. However, within patients with
normal sized atria, reservoir and conduit strain were able to further differentiate between the
number of comorbidities. These findings suggest that functional deterioration in patients with
normal sized atria may represent an early alteration in the remodelling process due to concomitant

comorbidities, before the atria start to dilate.

Cardiovascular risk profile. In this study we focused on functional atrial remodelling within the
concept of atrial cardiomyopathy. Atrial function comprises the reservoir, conduit and contractile
phase, all together contributing to ventricular filling and function. In the current literature, there is
no consensus about the best atrial strain parameter for clinical use. Although atrial function and
ventricular performance are interdependent, the interaction differs throughout the atrial phases and
this may influence the usability of the individual parameters for different purposes (16). Until now,
LAST is the best studied parameter in patients with declined atrial function, incidence of AF and
outcomes (6,7). Even less is known about RAS, although RA function has previously been
introduced as an important early marker for cardiac impairment, especially in pressure or volume

overload of the right ventricle, including heart failure, coronary artery disease and AF itself (8).

We demonstrated that all three LA and RA phasic strain functions are affected by the presence of
both individual and combined comorbidities. Increased BMI is associated with deteriorating
function throughout the entire LA and RA cycle. Additionally, history of diabetes and increasing
age are determinants associated with deteriorating function throughout almost the entire LA and
RA cycle, except for RASct. On the other hand, presence of coronary artery disease and kidney
dysfunction share common associations with decreased LASr and LAScd. The greater influence
of comorbidities on LAS reservoir and conduit function may be explained by the more prominent
influence of cardiac loading conditions and LV performance, whereas LA contractile function is
determined by intrinsic atrial function (17). LA contractile function has potential to compensate

for early LA conduit failure, which could explain the lack of association of decreased strain during
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the contractile phase with the number of comorbidities in this population with a relatively short
AF history (17,18).

Recently, normal reference values were demonstrated for LA strain based on measurements in
healthy subjects (19). Interestingly, the mean LA strain values observed in the subgroup of patients
with paroxysmal AF without any comorbidities or with one comorbidity in our cohort correspond
with the normal reference values for LA strain observed in healthy subjects suggesting that the
cardiovascular risk profile is an important factor in the development of atrial dysfunction and
maybe even atrial cardiomyopathy. Normal values from RA strain in patients without
comorbidities were consistent with a previous study (20), however, these values were obtained

using 3D techniques.

Progression of atrial dysfunction. In patients with paroxysmal AF with a low number of
comorbidities, our results show that atrial function progressively decreases after 1-year follow-up.
This observation supports the concept, that AF itself contributes to its own perpetuation (“AF
begets AF”), particularly if no other comorbidities and preexisting remodelling processes are
present (21). In contrast, in patients with a higher number of comorbidities, atrial function did not
further decline or to a lesser extent, within one year of follow-up, suggesting that patients with a
higher number of comorbidities already show a preexisting significant atrial remodelling at
baseline. Theoretically, early treatment of concomitant comorbidities with a proactive approach
may be required as an important component of the early management of patients paroxysmal AF
(22). Additionally, patients with paroxysmal AF with few obvious comorbidities may profit from
early rhythm control to prevent the early progression in atrial function impairment observed in this
study (14).

Clinical implications. Atrial strain is an emerging topic within world-wide research setting. Atrial
strain has been shown prognostic value in both patients with AF (23) and the general population,
predicting cardiovascular mortality, morbidity, and for example development of dementia (24,25).
In this observational study we focused on the determinants of atrial strain and showed an
association of atrial strain with individual and combined comorbidities, irrespective of atrial
dilatation. As determination of atrial strain provides additional information about the stage of atrial
remodelling in patients with paroxysmal AF beyond atrial volume index, this technique may have

potential to be incorporated in routine echocardiographic assessment. Impaired atrial function
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should trigger a structured assessment of comorbidities and may represent an interesting measure
to guide future risk factor and comorbidity management programs in AF patients. Whether atrial
function improves and patients benefit from combined risk factor modification programs or early

rhythm control interventions warrants further research.

Limitations. In this study, we focused solely on patients with paroxysmal AF, therefore we cannot
translate these results directly to patients with an increased number of comorbidities in absence of
AF nor in patients with advanced AF stage. AF is a heterogeneous disease and unidentified
phenotypes may dilute specific differences among patients. The number of comorbidities is based
on previous studies, other combination of comorbidities could possibly lead to other results.
Because there is no long-term follow-up available at this moment, we are not able to study the
changes of LA and RA function over time, nor clinical progression or outcome. Due to the

observational nature of AF-RISK, we cannot determine causal effects.

Conclusions

In patients with paroxysmal AF, individual and combined comorbidities are related to lower LA
and RA strain. In patients with no or few comorbidities, impairment in atrial function progresses
during one year of follow-up. Whether comorbidity management and early rhythm control

prevents or even reverses decreases in atrial strain function warrants further study.
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Abstract:

Atrial fibrillation (AF) and heart failure with preserved ejection fraction (HFpEF) are two
cardiovascular conditions that often coexist. Strain phases of both the left and right atria are more
impaired in paroxysmal AF patients with HFpEF than those without HFpEF in spite of comparable
global longitudinal strain of the left ventricle. Atrial function may differentiate paroxysmal AF
patients with HFpEF from those without HFpEF.
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Heart failure with preserved ejection fraction (HFpEF) and atrial fibrillation (AF) are two
cardiovascular conditions that often coexist. Both conditions are associated with aging,
hypertension, obesity, and sleep apnea.(1, 2) The presence of one of both conditions leads to an
increased risk of the other. However, the overlap in symptoms, biomarker profile, and
echocardiographic changes hinder the diagnosis of underlying HFpEF in patients with AF and
suggests that both conditions might reflect similar remodeling processes in the heart.(1, 2) The aim
of this study was therefore to assess cardiac remodeling in AF patients with versus without
concomitant HFpEF by transthoracic echocardiography, focusing on atrial dimension and speckle

tracking of the left and right atria.

We included patients from the identification of a risk profile to guide atrial fibrillation therapy
study (AF-RISK), a prospective, observational, multicenter study (NCT01510210).(3) In brief,
inclusion criteria were patients aged >18 years, with paroxysmal AF (total AF history <2 years, or
total AF history <3 years in case of <2 AF episodes of <48 hours per month terminating
spontaneously) or persistent AF (total AF history <2 years, and total persistent AF duration >7
days and <1 year). Exclusion criteria were patients with history of heart failure >3 years, severe
valvular disease, acute coronary syndrome <1 month, post-operative AF or history of pulmonary
vein isolation. For this subanalysis, 287 patients had paroxysmal AF, had a left ventricular ejection
fraction (LVEF) >50%, were in SR (sinus rhythm) at the moment of performing echocardiography
and blood sampling (Supplementary figure S-1). The diagnosis of HFpEF was based on the 2016
ESC heart failure guidelines, including symptoms and signs heart failure (dyspnea and fatigue,
equivalent to NYHA > I1) or history of HF hospitalization and N-terminal pro-B-type natriuretic
peptide (NT-proBNP) >125pg/ml, and one of the following echocardiographic measures: left
atrium volume index (LAVI) >34ml/m?, left ventricular mass index >115g/m? for men and
>95g/m? for women, average E/e’ >13cm/s and average e’ <9cm/s.(4) Due to imbalances in age
and sex between AF patients with HFpEF in comparison to those without HFpEF, patients were
selected using propensity score matching by nearest neighbor. A 1:1 ratio created balanced
differences in age and sex resulting in two groups: 1) AF with HFpEF (n=60) and 2) AF without
HFpEF (n=60). A sensitivity analysis was performed in patients with cutoff of NT-
proBNP>400pg/ml into the HFpEF definition.(5)
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Atrial function was determined by speckle tracking as it is less affected by loading conditions in
comparison to volumetric methods .(6) Reservoir, conduit and contraction strain of both atria was
performed in apical four-chamber view by manually selecting endocardial borders from one
cardiac cycle R-R gated (GE, EchoPac BT12). Tracking was manually adjusted for accuracy if
needed. An independent observer, blinded to results, measured 10% of the strains to calculate
inter-observer reliability. The average intraclass correlation coefficient of strain measures was
0.831, using average consistency two way random effects method. Associations of clinical and
echocardiographic characteristics were tested for collinearity and by multivariable logistic
regression analyses. LAVI, LV mass index and NT-proBNP were excluded from multivariable
analysis since these markers were part of the HFpEF diagnostic criteria. A two-tailed p-value of
<0.05 was considered statistically significant. The study was performed in accordance with the
Declaration of Helsinki and after local research ethics committee approval.

Patients with paroxysmal AF and concomitant HFpEF had more often beta-blocker and
angiotensin-converting enzyme (ACE) inhibitors medication, had more often impaired strain
phases of both the left and right atria as compared to those without HFpEF, and comparable time
of AF diagnosis, AF burden, global longitudinal strain (GLS) of the left ventricle and LVEF (table
1) (Figure 1). In multivariable analyses including age, sex, use of ACE inhibitor and beta-blockers,
LA reservoir and contraction decrease was associated with presence of HFpEF (OR per 5%
decrease in LA reservoir 1.39, 95% CI 1.11 t 1.81, P=0.008; OR per 5% decrease in LA
contraction 1.96, 95% CI 1.26 — 3.33, P=0.006) (table 2). LA reservoir and contraction phases
were not placed in the same model due to collinearity (Supplementary figure S-2). LA reservoir
and contraction were not correlated with LAVI in AF patients with concomitant HFpEF and
moderately correlated in patients with AF (Supplementary table S-1). Similar trends were observed
in a sensitivity analysis of AF patients with HFpEF patients classified by a cutoff of NT-
proBNP>400pg/ml (Supplementary table S-3 and figure S-2)

Our results show that atrial function discriminates AF patients with HFpEF from those without
HFpEF. In patients with AF, a more impaired structure and function of the left and right atria were
associated with concomitant HFpEF, whereas ventricular function, reflected by GLS and LVEF,
was comparable. LAV was a criteria to classify patients with HFpEF and could therefore explain

decrease in LA strain (7); however, LA strains were not correlated with LAVI in our study.
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Table I. Clinical characteristics and echocardiographic measurements

Characteristic

Age(years)
Women %
Diagnosis of AF(months)
Percentage AF %
<5
5-50
>50
Hypertension %
Diabetes mellitus %
Coronary artery disease %
Peripheral artery disease %
Stroke or TIA %
COPD %
BMI(kg/m?)
Obesity(BMI>30) %
CHA2DS,-VASc score?
Comorbidities®
Fatigue
Dyspnea
EHRA class %
I
I
Il
Medications
B-Blocker %
Verapamil/Diltiazem %
Digoxin %
ACE-inhibitor %
Anticoagulant %
Class Ic AAD %
Class 11l AAD %
Previous ECV %
Biomarkers
NTproBNP (pg/ml)
GDF15 pg/ml

Troponin-T pg/ml
Echocardiography

LAVI(mL/m?)

RAVI(mL/m?)

LV ejection fraction(%)

Total

population

65+8
58 (48)
7 (2-20)

97 (87)
10 (9)
5 (4)
107 (90)
17 (14)
8 (7)
7 (6)
6 (5)
9(8)
27+4
30 (25)
2.2+1.4
2.5+1.2
110 (92)
63 (53)

30 (25)
68 (57)
22 (18)

82 (68)
10 (8)
4(3)
40 (33)
81 (68)
7 (6)
8(7)
29 (24)

189 (93-324)
1033 (821-
1422)

6.4 (4.3-9.9)

35+10
36+12
58+3

668
31 (52)
10 (2-23)

46 (82)
6 (11)
4(7.1)
57 (95)
7 (12)
6 (10)
2 (3)
3 (5)
5 (8)
28+4
18 (30)
2.5+1.4
27412
57 (95)
29 (48)

13 (22)
36 (60)
11 (18)

48 (80)
6 (10)
4(7)
27 (45)
45 (75)
4(7)
5(8)
18 (30)

268 (190-464)

1141 (854-
1480)
6.9 (3.7-11.2)

40+8
39+12
57+3

35

AF without

658
27 (45)
4 (2-15)

51 (91)
4(7)
1(2)
50 (83)
10 (17)
2 (3)
5 (8)
3 (5)
4(7)
264
12 (20)
2.01.3
2.441.2
53 (88)
34 (58)

17 (28)
32 (53)
11 (18)

34 (57)
4(7)
0 (0)
13 (22)
36 (60)
305
3(5)
11 (18)

87 (59-159)
1002 (780-

1339)

6.1 (4.7-7.7)

29+8
33+12
58+3

0.078
0.601
0.272
0.436
1.000
1.000
0.129
0.292
0.061
0.150
0.322
0.405
0.681

0.011
0.741
0.127
0.012
0.119
1.000
0.714
0.201

<0.001

0.287
0.271

<0.001
0.013
0.168



LV mass index(g/m?) 86121 89122 82121 0.087
e’ 8.8+1.9 8.8+1.9 8.812.0 0.879
E/A ratio 1.0(0.9-1.3) 1.1(0.9-1.3) 1.0 (0.8-1.2) 0.078
E/e’ 7.7 (6.6-9.8) 8.8(6.9-10.3) 7.2 (6.2-8.6) 0.004
Left atrial strain(%)
Reservoir 30.1+12.5 26.8+11.1 33.8+12.9 0.003
Conduit 16.0+£ 7.7 14.7+6.7 17.4+8.6 0.066
Contraction 141+ 7.0 12.14+6.5 16.3£7.0 0.001
Right atrial strain(%)
Reservoir 41.6%13.5 39.4+12.5 43.7£14.2 0.136
Conduit 22.5+9.3 22.2+7.8 22.9+10.6 0.718
Contraction 19.1+7.8 17.3£7.6 20.9+7.7 0.031
GLS (%) -19.3+3.2 -18.9+3.4 -19.743.1 0.212

ACE=angiotensin-converting enzyme; AF=atrial fibrillation; BMI=body mass index;
COPD=chronic obstructive pulmonary disease; ECV = electrical cardioversion; GDF-15=growth
differentiation factor 15; EHRA=European Heart Rhythm Association symptom classification;
HFpEF=heart failure with preserved ejection fraction; LAVI=left atrial volume index; NT-
proBNP= N-terminal pro-B-type natriuretic peptide; TIA=transient ischemic attack.

®The CHA2DS2-VASc score assesses thromboembolic risk. C, congestive heart failure/LV
dysfunction; H, hypertension; A2, age>75 years; D, diabetes mellitus; S2, stroke/transient
ischaemic attack/systemic embolism; V, vascular disease; A, age 65-74 years; Sc, sex category
(female sex).

bThe number of comorbidities was calculated by awarding a point for hypertension, age >65 years,
diabetes, coronary artery disease, body mass index >25, kidney dysfunction, and moderate or
severe mitral valve regurgitation.

Our results are in accordance to previous studies suggesting LA strains as markers for improving
the diagnosis of HFpEF.(8) Katbeh et. al found that LA reservoir and, followed by, LA contraction
were associated with the probability of HFpEF in patients with paroxysmal AF and dyspnea, using
two scores, H.FPEF and HFA-PEFF.(9) It has been shown that contraction function is reduced in
advanced stages of AF,(10) however in this study AF burden and time of AF history in both groups
were comparable, possibly attributing the differences to having concomitant HFpEF. Even though
we could only speculate about the explanations for these results, HFpEF plausible mechanisms
imply higher cardiac energy consumption and production of reactive oxygen species (11); the latter
have been associated with decreased atrial myocardial energetics more than in the ventricles,
predominantly in the LA.(12) This could increase remodeling of the atria in AF patients with
concomitant HFpEF.
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Table 2. Predictors of heart failure with preserved ejection fraction in patients with atrial
fibrillation

OR Cl 95% p
LA reservoir 1.38 1.14-1.71 0.002
LA contraction 1.89 1.33-2.85 <0.001
RA contraction 1.57 1.13-2.30 0.012
LA reservoir + 1.39 1.11-1.81 0.008
RA contraction 1.37 0.95-2.05 0.108
LA contraction + 1.96 1.26 - 3.33 0.006
RA contraction 1.36 0.94 - 2.06 0.122

All models included age, sex, use of ACE inhibitor, use of beta-blockers
Results are shown as 5% reduction per strain phase
LA=Left atria; RA = right atria

This analysis has limitations since the results are based on post hoc analyses and classification of
HFpEF was performed after inclusion. The AF-RISK study had already small inclusion of patients
and propensity score matching generated even smaller comparison groups. These results were
performed in a population with paroxysmal AF and cannot be generalized to other forms of AF.
Given the transversal analysis of the data, it cannot be determined whether HFpEF set the stage
for AF nor inversely. Furthermore, the associations found might be affected by residual
cofounding. Echocardiographic B-line were not measured which could have provided insights into
the congestive state in AF patients with HFpEF. These findings encourage the need for well
phenotyped AF with and without HFpEF cohorts to further understand atrial remodeling processes

and underlying AF substrate.

In conclusion, in patients with paroxysmal AF, more impaired strain phases of the left and right
atria were associated with concomitant HFpEF, whereas ventricular function, reflected by LVEF
and GLS, did not differ.
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Figure 1. Strain phases distribution of both left and right atria in patients with paroxysmal AF with HFpEF in
comparison to those without HFpEF
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Y axis expresses percentage of deformation measure by 2D speckle tracking by transthoracic
echocardiography. Point within the graph expresses mean and lines determine standard deviation.
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Abstract

Aims. The clinical risk profile of AF patients is different in men and women. Our aim was to

identify sex differences in blood biomarkers in patients with paroxysmal AF.

Methods. Sex differences in 92 blood biomarkers were measured in 364 patients included in our
discovery cohort, the identification of a risk profile to guide atrial fibrillation therapy (AF-RISK)
study, assessed by multivariable logistic regression and enrichment pathway analysis. Findings
were subsequently confirmed in 213 patients included in our validation cohort, the Reappraisal of
Atrial Fibrillation: Interaction between HyperCoagulability, Electrical remodelling, and Vascular
Destabilisation in the Progression of AF (RACE V) study.

Results. In the discovery cohort, mean age was 59+12 years, 41% were women. CHA2DS,-VASc-
score was 1.6+1.4. A total of 46% had hypertension, 10% diabetes and 50% had heart failure,
predominantly with preserved ejection fraction (47%). In women, activated leukocyte cell
adhesion molecule (ALCAM) and fatty acid binding protein-4 (FABP-4) were higher. In men,
matrix metalloproteinase-3 (MMP-3), C-C motif chemokine-16 (CCL-16) and myoglobin were
higher. In the validation cohort, four out of five biomarkers could be confirmed: levels of ALCAM
(P=1.73*10") and FABP-4 (P=2.46*10") and adhesion biological pathways (FDR=1.23*107%)
were higher in women. In men, levels of MMP-3 (P=4.31*10%) and myoglobin (P=2.10*10") and

markers for extracellular matrix degradation biological pathways (FDR=3.59*10") were higher.

Conclusion. In women with paroxysmal AF, inflammatory biomarkers were more often higher,

while in men with paroxysmal AF, biomarkers for vascular remodelling were higher.

Our data support the clinical notion that pathophysiological mechanisms in women and men with
AF may differ.
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Introduction

Atrial fibrillation (AF) is the most common sustained arrhythmia around the world and the number
will increase due to aging populations and active search for early diagnosing.(1,2) The
development of AF is driven by risk factors including, but not limited to, aging, obesity and
underlying cardiovascular risk factors and diseases.(2) The cumulative prevalence of AF over the
years is high and comparable in both sexes. However, women and men with AF differ regarding
age and presence of comorbidities; women with AF are older, have more hypertension, valvular
heart disease and heart failure with preserved ejection fraction, and men with AF present more
often coronary artery disease. (2) Whether the age difference or clustering of comorbidities are
causative of the difference in clinical risk profile of AF between women and men is yet to be
determined. Other factors such as sex hormones or differentially expressed blood biomarkers

representing distinct biological pathways may also play a role.(1,2)

Blood biomarkers can be seen as representation of distinct biological pathways and may differ
between men and women with AF. C-reactive protein (CRP), an inflammatory biomarker, and B-
type natriuretic peptide (NT-proBNP), a biomarker indicating cardiac stretch, have been shown to
differ in women and men. CRP has been associated with AF incidence in men, whereas NT-
proBNP has been associated with incident AF in women.(1) NT-proBNP and fibroblast growth
factor 23, a hormone regulating biomarker associated with AF, have been suggested to help to
identify those at risk for AF(3); NT-proBNP and Cancer Antigen 125 (CA-125) have been
associated with AF in patients without any concomitant disease.(4) Therefore biomarkers may

help to find guidance for a personalized approach to patients with AF.(2-4)

Our aim was to identify sex differences in blood biomarkers in patients with paroxysmal AF, to
provide an insight into potential sex-specific pathophysiological mechanisms in a well-phenotyped
AF population.

Methods

Study Population. Patients included in the identification of a risk profile to guide atrial fibrillation
therapy (AF-RISK) study were used as discovery cohort. The methods of the AF-RISK study have
previously been described.(5) In short, AF-RISK was a prospective, multicentre, observational

study including patients with history of AF, performed in The Netherlands between May 2011 and
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March 2016. Inclusion criteria were patients aged >18 years who presented at either the inpatient
or outpatient cardiology clinic with paroxysmal AF (total AF history <2 years, or total AF history
<3 years in case of <2 AF episodes of <48 hours per month terminating spontaneously) or
persistent AF (total AF history <2 years, and total persistent AF duration >7 days and <1 year) in
whom a rhythm control strategy was preferred. Exclusion criteria were patients with history of
heart failure >3 years, severe valvular disease, contra-indication for oral anticoagulation, acute
coronary syndrome <1 month, or post-operative AF. In total 386 patients had paroxysmal AF and
were in SR at the moment of blood sampling; from this amount, 364 (94%) had blood biomarker

results available and were included for the current analysis.

Patients included in the Reappraisal of Atrial Fibrillation: Interaction between
HyperCoagulability, Electrical remodelling, and Vascular Destabilisation in the Progression of AF
(RACE V) study were used as validation cohort.(6) In short, RACE V is an ongoing investigator-
initiated, prospective, multicentre registry aiming to include 750 patients in multiple centres in The
Netherlands. Inclusion criteria were patients aged >18 years with paroxysmal AF, a maximum AF
history of 10 years since diagnosis at the moment of inclusion, a maximum CHA;DS>-VASc score
of 5, and no other indication for anticoagulation drugs (e.g. mechanical valve prosthesis). Patients
had to have at least two documented episodes of paroxysmal AF in the past year or one documented
episode with at least two symptomatic episodes in the past year suspected to be AF without
documentation. In patients with a Medtronic pacemaker, atrial high rate episodes (AHRE) >190
beats per minute lasting >6 minutes were qualified as AF episodes. Patients with other types of
pacemakers, defibrillators or cardiac resynchronization therapy could not participate due to
differences in AHRE algorithm and/or incompatibility with the type of home-monitoring. Further
exclusion criteria were patients with a history of persistent AF, currently on amiodarone, current
pregnancy or a life expectancy <2.5 years, patients with AF caused exclusively due to transient
triggers (e.g. postoperative, due to infection), patients with a previous pulmonary vein isolation
(PVI), or intention to undergo PVI, or diagnosed congenital heart disease. In total, 247 patients
had available blood samples; from this amount, a total of 34 (14%) 43xcludeed because of AF at
the moment of sampling. Samples from the remaining 213 patients were used for the current

analyses.
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Both AF-RISK and RACE V were performed in concordance with the Declaration of Helsinki.
The Institutional Review Board approved both protocols. AF-RISK was registered at
Clinicaltrials.gov  (Clinicaltrials.gov identifier NCT01510210), as well as RACE V
(Clinicaltrials.gov identifier NCT02726698) and all patients gave written informed consent.

Blood biomarkers. An electrocardiogram was performed to assess the heart rhythm prior to blood
sampling. Blood sampling was performed in a similar fashion at baseline in both cohorts. EDTA
anticoagulated plasma was obtained from ethylenediaminetetraacetic acid tubes and was stored at
-80°C. Multiplex immunoassay by proximity extension assay (PEA) technology (Olink
Bioscience, Uppsala, Sweden) was used to measure 92 biomarkers from the Olink cardiovascular
panel 111 (full list shown in Supplementary table S1). The PEA technology uses a homogeneous
assay that uses pairs of antibodies equipped with DNA reporter molecules. In the kits, 92
oligonucleotide-labeled antibody probe pairs are allowed to bind to their respective target if present
in the sample. A PCR reporter sequence is formed by a proximity-dependent DNA polymerization
event. This is then amplified, and subsequently detected and quantified using real-time PCR. The
assay was performed in a homogeneous 96-well format without any need for washing steps.
Internal controls were added to each sample and include two immunoassay controls, one extension
control and one detection control. Samples for which one or more of the internal control values
deviate from a pre-determined range were flagged and removed before statistical analysis. PEA
results do not provide absolute concentration of the proteins; instead, proteins are expressed as
normalized protein expression on a log2-transformed concentrations where a larger number

represents a higher protein level in the sample, typically with the background level at around zero.

Limit of detection (LOD) was defined as 3 standard deviations above background and reported in
pg/mL for all assays for which recombinant protein antigen was available. Four biomarkers
(bleomycin hydrolase, spondin-1, elafin and cathepsin D) had >10% of the values below LOD and
were therefore excluded. The remaining 88 biomarkers were used for the analyses.

Comorbidities. Heart failure was defined as one of the following: (i) history of heart failure
admission, regardless of the left ventricular ejection fraction (LVEF); (i) LVEF <45%; (iii) LVEF
>45%, an elevated NT-proBNP (> 400 ng/l) with either structural heart disease (history of left

ventricular hypertrophy or wall diameter > 11 mm or septum diameter > 11 mm) or diastolic
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dysfunction (average annular ¢’ < 8 cm/s, and deceleration time > 220 ms, and average E/e’ > 8)
on echocardiography.(7) Hypertension was defined by a systolic blood pressure >140mmHg or
diastolic blood pressure >90mmHg, or use of antihypertensive medication. Diabetes mellitus was
defined by use of antidiabetic drugs. Coronary artery disease was defined as history of myocardial

infarction, percutaneous coronary intervention or coronary artery bypass grafting.

Statistical analysis. Sex differences in blood biomarkers were tested by univariable and
multivariable logistic regression. In the multivariable logistic regression model additional
adjustment for obesity, age, heart failure and coronary artery disease was performed based on
differences found between women and men at baseline and knowledge from previous literature.(2)
The final model was tested for significant interactions. Odds ratios (OR) per standard deviation
with 95% confidence intervals (Cl) were given. Biomarkers with higher values in men were
expressed as OR versus women, biomarkers higher in women were presented as OR versus men.
Biomarkers found in the discovery cohort were subsequently tested by univariable and

multivariable logistic regression in the validation cohort.

Enrichment pathway analyses were performed for blood biomarkers with higher values in women
in comparison to men. The median value of each biomarker in women was divided by the median
value of the same biomarker in men to produce a sex difference ratio per biomarker. This ratio was
then transformed into percentage (Supplementary figure S1). Biomarkers found in the discovery
cohort were subsequently tested in the validation cohort.

Confirmed biomarkers in the validation cohort were additionally enriched in a network analysis
using STRING to identify relevant biological pathways in which the biomarkers are involved.(8)
STRING is a database that provides assessment of physical and functional protein interactions
which contribute to common biological processes. This knowledge derives from databases and
text-mining highly calibrated, such as Gene Ontology (GO) Resource using high level groupings
established by the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway maps.

Biomarkers that entered the pathway analysis were two layer enriched.

In both multivariate logistic regression and pathway analyses, a multiple testing correction was

performed using a Bonferroni correction for the 88 biomarkers that were tested. A P-value < 5.68

x10* (Z‘—?) was considered statistically significant. Additionally, pathway enrichment underwent
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false discovery rate (FDR) correction for multiple testing. Pathways with higher FDR were

selected as main representative processes.
Results

Patient characteristics. Clinical characteristics of patients from the discovery cohort are shown
in Table 1. Patient characteristics were comparable to the entire AF-RISK cohort (data not
shown).(5) In short, mean age was 59+12 years, 150 (41%) were women. CHA>DS»-VASc-score
was 1.6x1.4. A total of 182 (50%) had heart failure [171 (47%) with preserved and 11 (3%) with
reduced ejection fraction] and 167 (46%) hypertension. Women compared to men were slightly
older (60+12 vs 58+12 years, P=0.03) and had slightly higher LVEF (58+3 versus 57£5, P=0.01).

Baseline characteristics from the validation cohort are shown in Table 2. Compared to the
discovery cohort, the proportion of women was comparable in the validation cohort (41%).
CHA2DS,-VASc-score was 1.9+1.3. A total of 62 (29%) had heart failure [60 (28%) with
preserved and 2 (1%) with reduced ejection fraction] and 101 (47%) hypertension. Within the
validation cohort, women compared to men were older (669 vs 6310 years, P=0.01), had less
often heart failure (22 vs 38%, P=0.01) and had more often obesity (39 vs 21%, P=0.008). Patients
in the validation were older in comparison to the discovery cohort (649 vs 59+12 years, P<0.01)
and had longer history of AF (29 vs 6 months, P<0.01).

Biomarker analysis. The multivariable logistic regression in the discovery cohort showed that
levels of activated leukocyte cell adhesion molecule (ALCAM, P=4.03*10%) and fatty acid
binding protein-4 (FABP-4, P=4.48*10"'%) were higher in women. While levels of matrix
metalloproteinase-3 (MMP-3 P=6.46*10"1%), C-C motif chemokine-16 (CCL-16 P=4.17*10"°) and
myoglobin (P=2.34*10%) were higher in men (Figure 1).

The five biomarkers found in the discovery cohort were univariably tested in the validation cohort
and all but CCL-16 (univariably OR 1.090, 95% CI 0.829-1.432, P=0.537) were confirmed to be
differently expressed between sexes (Table 3). Based on differences on baseline characteristics
and knowledge from previous literature (2), it was adjusted for obesity, age and heart failure; after
this adjustment, only FABP-4 remained higher in women (OR 7.442, 95% CI 3.680-15.051,
P=2.32x 10%). MMP-3 (OR 8.403, 95% CI 4.329-16.393, P=3.12 x 10"1%) remained higher in men.
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Table 1 — Baseline characteristics AF-RISK discovery cohort.

Characteristic Total population gWomen Men
(N=364) (N=150) (N=214)
Age (years) 59+12 60+12 58+12 0.030
History of AF (months) 6 (2-18) 5 (2-17) 6 (2-20) 0.329
Heart failure 182 (50%) 66 (44%) 116 (54%) 0.070
HFpEF 171 (47%) 65 (43%) 106 (50%) 0.289
HFrEF 11 (3%) 1 (1%) 10 (5%) 0.059
Hypertension 167 (46%) 76 (51%) 91 (43%) 0.164
Diabetes mellitus 35 (10%) 12 (8%) 23 (11%) 0.471
Coronary artery disease 21 (6%) 6 (4%) 15 (7%) 0.260
Peripheral artery disease 9 (3%) 3 (2%) 6 (3%) 0.741
Stroke or TIA 23 (6%) 10 (7%) 13 (6%) 0.830
COPD 23 (6%) 7 (5%) 16 (8%) 0.382
CHA,DS,-VASC score 1.6+1.4 2.3+1.3 1.1+1.2 <0.001
EHRA class™ 0.296
I 110 (30%) 34 (23%) 76 (36%)
I 204 (56%) 94 (63%) 110 (51%)
I 49 (14%) 22 (15%) 27 (13%)
Height (cm) 178+10 170+7 184+7 <0.001
Weight (kg) 88+18 81+17 92+17 <0.001
BMI (kg/m?) 285 2816 2715 0.129
Obesity (BMI1>30) 99 (27%) 43 (29%) 56 (26%) 0.633
Blood pressure (mmHg)
Systolic 131+18 134+20 128+15 0.004
Diastolic 7819 78+11 7818 0.693
PQ time (ms) 165+25 161+24 168+25 0.007
Left atrial volume (mL) 67+21 62+19 69+21 0.002
Left atrial volume index (mL/m?) 3310 33+10 32+10 0.696
LV ejection fraction (%) 5714 58+3 5745 0.016

Data are mean (standard deviation), number of patients (%), or median (interquartile range).

AF=atrial fibrillation; BMI=body mass index; COPD=chronic obstructive pulmonary disease;
EHRA= European Heart Rhythm Association class for symptoms; LV=left ventricular;
TIA=transient ischemic attack; HFpEF= heart failure preserved ejection fraction; HFrEF= heart
failure reserved ejection fraction. *The CHA2DS>-VASc score assesses thromboembolic risk.
C=congestive heart failure/LV dysfunction, H=hypertension; A>=age >75 years; D=diabetes
mellitus; So=stroke/transient ischemic attack/systemic embolism; VV=vascular disease; A=age 65-
74 years; Sc (sex category (female sex). **In 363 patients, EHRA class data was available.
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Table 2. Baseline characteristics RACE V validation cohort.

Characteristic

Age (years)
History of AF (months)
Heart failure
HFpEF
HFrEF
Hypertension
Diabetes mellitus
Coronary artery disease
Peripheral artery disease
Stroke or TIA
COPD
CHA,DS,-VASC score
EHRA class
|
Ila
b
i
Height (cm)
Weight (kg)
BMI (kg/m?)
Obesity (BMI1>30)
Blood pressure (mmHg)
Systolic
Diastolic
PQ time (ms)
Left atrial volume (mL)

Total population
(N=213)
64+9

29 (8-56)
62 (29%)
60 (28%)
2 (1%)
101 (47%)
21 (10%)
26 (12%)
2 (1%)

18 (9%)
16 (8%)
1.9+1.3

24 (11%)
89 (42%)
78 (37%)
22 (10%)
17610
87+18
2845

60 (28%)

136+18
81+10
172+35
69+23

Left atrial volume index (mL/m?) 35+11

48

Women
(N=88)
66+9

32 (7-57)
19 (22%)
17 (19%)
0 (0%)
40 (46%)
12 (14%)
6 (7%)

0 (0%)

6 (7%)

8 (9%)
2.61£1.2

6 (7%)
30 (34%)
40 (46%)
12 (14%)
167+7
8017
28+5

34 (39%)

137+19
80+11
169+38
69+25
36+12

Men
(N=125)
63+10

27 (8-56)
48 (38%)
43 (34%)
2 (2%)
61 (49%)
9 (7%)
20 (16%)
2 (2%)
12 (10%)
8 (6%)
1.4+1.2

18 (14%)
59 (48%)
38 (31%)
10 (8%)
183+7
92+17
2845
26 (21%)

136+17
81+9
174+34
69+22
34+11

0.011
0.973
0.014
0.024
0.638
0.732
0.187
0.071
0.638
0.639
0.639
<0.001
0.023

<0.001
<0.001
0.159
0.008

0.559
0.614
0.349
0.923
0.094



LV ejection fraction (%) 5915 60+5 5815 0.031

Data are mean (standard deviation), number of patients (%), or median (interquartile range).
AF=atrial fibrillation; BMI=body mass index; COPD=chronic obstructive pulmonary disease;
EHRA= European Heart Rhythm Association class for symptoms; HFpEF= heart failure
preserved ejection fraction; HFrEF= heart failure reserved ejection fraction. LV=left ventricular;
TIA=transient ischemic attack. *The CHA2DS,-VASc score assesses thromboembolic risk.
C=congestive heart failure/LV dysfunction, H=hypertension; A>=age >75 years; D=diabetes
mellitus; So=stroke/transient ischemic attack/systemic embolism; VV=vascular disease; A=age 65-
74 years; Sc (sex category (female sex).

Figure 1. Blood biomarker sex differences in discovery cohort.

Odds ratio (persp; 95% Cl)  P-value Higherin men Higher in women

(OR versus women) (OR versus men)

MMP-3  6.545(3.922-10922) 646x10"% | |—m—ouw—y
CCL-16  2.369(1.568-3579)  4.17x10° - |

Myoglobin  2363(1.425-3.735) 23410 -
ALCAM  2213(1.425-3436)  4.03x10™*

FABP-4  6.565 (3.853-11.186) 4.48x10712

1
T T T T T

10 5 1 5 10

Odds ratios (95% Cl)

Cl=confidence interval, SD=standard deviation; MMP-3=matrix metalloproteinase-3; CCL-
16=C-C motif chemokine-16; ALCAM=activated leukocyte cell adhesion molecule; FABP-
4=fatty acid binding protein-4; OR=0dds ratio.

In the pathway analysis, six biomarkers in women and eight in men were statistically significant
(Supplementary figure S2), which included the biomarkers from the multivariate logistic
regression analysis in the discovery cohort. These biomarkers were subsequently tested in the
validation cohort; six remained statistically significant in women, FABP-4, ALCAM, NTproBNP,
contactin-1 (CNTNL1), metalloproteinase inhibitor 4 (TIMP4), and integrin beta-2 (ITGB2); three
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remained statistically significant in men matrix, extracellular phosphoglycoprotein (MEPE),

myoglobin and MMP3 (Supplementary table S2 and figure S3).

Table 3. Multivariate logistic regression results of biomarkers in validation cohort

OR 95%ClI P-value
MMP-3 6.289* 3.257-12.195 4.31x 10%
CCL-16 Ns
Myoglobin 3.135* 1.712-5.747 2.10 x 10*
ALCAM 3.165 1.735-5.774 1.73 x 10*
FABP-4 5.975 3.030-11.78 2.46 x 10”7

* Odds ratios are expressed versus women.

Abbreviations: Cl=confidence interval; SD=standard deviation; MMP-3=matrix
metalloproteinase-3; CCL-16=C-C motif chemokine-16; ALCAM=activated leukocyte cell
adhesion molecule; FABP-4=fatty acid binding protein-4; OR=0dds ratio.

After a two-layer protein enrichment, in women compared to men, pathways with higher FDR
under GO analysis showed cell-cell adhesion (FDR=1.23*107%), integrin-mediated signalling
pathway (FDR=3.83*10%) and cell adhesion (6.13*10®); moreover, cell adhesion molecules
(FDR=5.19*10"1%) pathways resulted under KEGG analysis. In men, extracellular matrix
organization (FDR 3.59*107°) pathway resulted from GO analysis without any results under KEGG
analysis (Figure 2).

Discussion

The aim of this study was to identify sex differences in blood biomarkers in patients with AF. We
identified five biomarkers that were differently expressed between sexes with paroxysmal AF. In
a validation cohort, four out of five markers were confirmed to be differently expressed between

SEeXes.

50



Figure 2. Pathway enrichment analysis of biomarkers confirmed in validation cohort.

A B

SEC =10

C
Database Biological Process Proteins/set FDR
GO integrin-mediated signalling 6/84 3.83*10°8
pathway
cell adhesion 10/843 6.13*10°®
KEGG cell adhesion molecules 8/139 5.19*10712
D
Database Biological Process Proteins/set FDR
GO

A. Pathway enrichment analysis with layers of proteins on validated biomarkers in women in
comparison to men from both cohorts.

B. Pathway enrichment analysis with layers of proteins on validated biomarkers in men in
comparison to women from both cohorts.

C. Biological processes with higher FDR in women in comparison to men. Colours represent
biological processes in which the proteins (nodes) are involved as depicted in A.

D. Biological processes with higher FDR in women in comparison to men. Colours represent
biological processes in which the proteins (nodes) are involved as depicted in B.

GO=Gene Ontology; KEGG= Kyoto Encyclopedia of Genes and Genomes; FDR=false discovery
rate



ACAN=aggrecan;, ALCAM=activated leukocyte cell adhesion molecule; CD6= T-cell
differentiation antigen CD6; CNTN1=contactin-1; DCN=decorin; DMP1=dentin matrix acidic
phosphoprotein 1; ICAM1=intercellular adhesion molecule 1; ITGA4=integrin subunit alpha 4;
ITGAD=integrin subunit alpha D; ITGAL=integrin subunit alpha L; ITGAM=integrin subunit
alpha M; ITGAX=integrin subunit alpha X; ITGB2=integrin subunit beta 2; MMP10=integrin
subunit beta 2; MMP3=matrix metalloproteinase-3; PLG=plasminogen; SPPl=secreted
phosphoprotein 1; TIMP1=metallopeptidase inhibitor 1.

Central Figure. Sex differences in blood biomarkers in patients with paroxysmal AF.

Different Circulating Biomarkers 92 cardiovascular markers*
in Women and Men with
Paroxysmal Atrial Fibrillation w ‘ ﬁ
De With eral.
N=214 N=150
Discovery cohort 3 biomarkers higher in men 2 biomarkers higher in women
5
b\'ofmarl;ers MMP-3 CCL-16 Myoglobln ALCAM FABP-4
oun:
Validation cohort i i
N=125 N=88
4 2 biomarkers higher in men 2 biomarkers higher in women
Pomerkers MMP-3 Myoglobin  ALCAM FABP-4
Biological effect l { l l

Fibrosis & Myocardial & Activity of Adipose tissue
Vascular skeletal muscle inflammation inflarmmation
stiffening degradation

o 4

Pathophysiological
mechanism - Vascular remodelling in Men & Inflammation in Women

Abbreviations: MMP-3=matrix metalloproteinase-3; CCL-16=C-C motif chemokine-16;
ALCAM=activated leukocyte cell adhesion molecule; FABP-4=fatty acid binding protein-4.
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Blood biomarkers in women. In women, ALCAM and FABP-4 were higher. Cell adhesion
molecules, like ALCAM, are involved in leukocyte recruitment in case of tissue damage. In
patients with stroke, ALCAM has been associated with long-term mortality.(9) Also, Lim et al.
previously showed that higher levels of ALCAM were associated with early recurrence after AF
ablation.(10) Moreover, cell adhesion mechanisms increase the adhesiveness of platelets and
leucocytes incrementing the risk of thrombogenesis even when in sinus rhythm .(11) FABP-4 is
mainly expressed in adipose tissue and represents around 6% of the total protein adipocytes. it has
been associated a systemic pro-inflammatory state, development of atherosclerosis and metabolic
syndrome. In the presence of coronary artery disease, FABP-4 has been associated with left
ventricular hypertrophy, systolic dysfunction, clinical heart failure. Increasing levels of FABP-4
have been associated with increased cardiovascular mortality in both women and men, even after
adjusting for potential cofounders.(12) Higher FABP-4 levels have also been linked to
postoperative AF. (13) Lopez-Canoa et al. have shown an association between higher levels of
FABP-4 in women with AF in comparison to men, as well as recurrence of AF after ablation in
both sexes. (14) In contrast to what we found, Magnussen et al. previously found that CRP was
associated with incident AF in men but not in women, but with very low hazards ratio; this may
be explained by the lack of specificity of C-reactive protein, or use of a relatively healthy
population; the latter is supported by the low values that were found.(1) CRP levels were not
routinely performed in our population and a direct comparison cannot be made. Despite the fact
that our biomarker panel consists of 32 inflammatory markers, only two were found to be higher
in women. This can be explained by the fact that most inflammatory markers are derived from
similar biological pathways and are therefore not all included in the final multivariable model.
Therefore, these data suggest that the contribution of inflammation seems to be more critical in
AF substrate formation in women (Central Figure). Of interest, in our study women had less
HFpEF in both cohorts as compared to men, reaching statistical significance in the validation
cohort. This is in contrast to previous data showing that women more often suffer from HFpEF.(2)
This might be due to the fact that we only included paroxysmal self-terminating AF, implying less
severe remodelling. Also, the fact that hypertension occurred in comparable percentage in men
and women may have contributed to this observation. This clearly highlights that there still is a

gap of knowledge in sex differences in patients with all types of AF warranting further research.
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Blood biomarkers in men. In men, levels of MMP-3 and myoglobin were higher. MMP-3 is part
of the family of matrix metalloproteinases that are involved in extracellular matrix degradation
and deposition. MMP-3 has been associated with vascular remodelling, including atrial stiffening
and coronary artery disease (15), and has also been suggested as potential therapeutic target in
atherosclerosis.(16) Moreover, Yue et al concluded that the excess of proteins involved in
extracellular matrix biological pathways may lead to tissue fibrosis, contributing to vascular
remodelling; this affects mechanical and electrical function, and therefore can promote AF.(17)
Different studies have reported contrasting results between the association of MMP-3 and LAVI
(18). LAVI is comparable between men and women in the current analysis; we could speculate
that the association between MMP-3 and LAVI is not present in this population. However, a
conclusive statement of this association cannot be drawn since levels of biomarkers are relative
measures from the population, making them not comparable to absolute measures. Myoglobin can
be detected in case of muscle degradation. Recurrent episodes of silent ischemia, also in patients
with subclinical coronary artery disease may be the underlying substrate for myocardial myoglobin
release.(19) In addition, higher muscle mass in men could contribute to the observed outcome. The
combination of MMP-3 and myoglobin may indicate that in men, vascular remodelling plays an
important role in AF substrate formation. Prevalence of clinical coronary artery disease was,
however, not different between sexes in our discovery nor validation cohorts. When corrected for
differences in underlying disease, MMP-3 remained associated with higher values in men. This
could indicate that subclinical vascular disease is more prominent in men (Central figure). This
in accordance with findings from the Rotterdam study which described subclinical atherosclerosis
as an independent risk factor for new onset AF but not only in men.(20) Subclinical
atherosclerosis, which may be present in many patients with AF, was, however, not routinely
assessed in our discovery cohort. Since the biomarker panel used in this analysis did not include

CA-125, our results cannot be compared to previous findings of this biomarker.(4)

Strengths and limitations. Limitations of the current analysis include the use of a biomarker panel
with relative values, which impairs comparison with absolute values of other cohorts. Also, this
was a cross-sectional study which precludes definite conclusions regarding cause-effect relations.
In addition, the AF duration of the validation cohort is longer than in the discovery cohort,
implying greater atrial remodelling substrate and differentiated expression of blood biomarkers.

Furthermore, information regarding frequency of menstrual cycles in women was not collected,
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which could have provided an insight on the association of hormones and biomarker expression in
women in pre- and post-menopausal periods. Lastly, residual confounding may have affected
results, despite adjustment-analysis. Strengths of the current analysis are the well-phenotyped
cohorts and the availability of a large number of biomarkers representative of multiple biological
pathways. Furthermore, the use of 2 analytical approaches and 2 independent cohorts yielded

synergic results.
Conclusion

In conclusion, in this exploratory analysis, we identified biomarkers differentially expressed in
women and men with paroxysmal AF. In a validation cohort, four out of five biomarkers were
confirmed. In women with paroxysmal AF, inflammatory biomarkers were higher, while in men
with paroxysmal AF biomarkers for vascular remodelling were higher. Our data suggest that
pathophysiological mechanisms in women and men with AF may differ. This advocates more
research on sex differences in AF and endorses a personalized medicine approach, taking sex

differences into account.
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Abstract.

Aims. Atrial fibrillation (AF) and heart failure (HF) are two growing epidemics that frequently co-
exist. We aimed to gain insights into underlying pathophysiological pathways in HF patients with
AF by comparing circulating biomarkers using pathway overrepresentation analyses.
Methods and Results. From a panel of 92 biomarkers from different pathophysiological domains
available in 1,620 patients with HF, we first tested which biomarkers were dysregulated in patients
with HF and AF (n=648) compared with patients in sinus rhythm (n=972). Secondly, pathway
overrepresentation analyses were performed to identify biological pathways linked to higher
plasma concentrations of biomarkers in patients who had HF and AF. Findings were validated in
an independent HF cohort (n=1,219, 38% with AF). Patient with AF and HF were older, less often
women, and less often had a history of coronary artery disease compared with those in sinus
rhythm. In the index cohort, 24 biomarkers were upregulated in patients with AF and HF. In the
validation cohort, 8 biomarkers were upregulated, which all overlapped with the 24 biomarkers
found in the index cohort. The strongest up-regulated biomarkers in patients with AF were
spondin-1 (fold change 1.18, p=1.33x10*?), insulin-like growth factor-binding protein-1 (fold
change 1.32, p=1.08x107%), and insulin-like growth factor-binding protein-7 (fold change 1.33,
p=1.35x10"*%). Pathway overrepresentation analyses revealed that the presence of AF was
associated with activation amyloid-beta metabolic processes, amyloid-beta formation, and
amyloid precursor protein catabolic processes with a remarkable consistency observed in the
validation cohort.
Conclusion. In two independent cohorts of patients with HF, the presence of AF was associated
with activation of three pathways related to amyloid-beta. These hypothesis-generating results

warrant confirmation in future studies.
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Introduction

Atrial fibrillation (AF) is the most common arrhythmia in heart failure (HF) with a prevalence
between 20-60% depending on the type and severity of HF.(1-3) Both AF and HF are strongly
associated with ageing, share many other clinical risk factors such as obesity and hypertension,
and can trigger each other.(2, 3) Distinct differences are observed when comparing patients with
HF with and without AF. We recently showed that patients with AF and HF are older, less often
have an ischemic aetiology of HF, and have a distinct biomarker profile as compared with HF
patients in sinus rhythm.(4, 5) Moreover, patients with AF and HF have a poorer quality of life,
and worse outcome as compared with those without AF.(4,6) Pooled individual-patient data
revealed that in contrast to the beneficial effects observed in patients with heart failure with a
reduced ejection fraction (HFrEF) in sinus rhythm, B-blockers did not improve clinical outcomes
in patients with AF and HFrEF.(7) The potential lack of B-blocker efficacy suggests differences in
pathophysiology between HF patients with and without AF, but the exact mechanisms remain

poorly understood and understudied.(7)

Unravelling the underlying pathophysiology of AF in HF is important since this population might
respond to different therapies than HF patients without AF.(8,9) Underlying pathophysiological
mechanisms can be studied by performing pathway overrepresentation analyses, a method that can
identify associated pathways based on circulating biomarker profiles in specific subgroups.(10,11)
Therefore, we compared patients who had HF with and without AF, studied their biomarker
profiles and associated pathophysiological pathways, which might help discover new treatment

targets for patients with HF and AF.
Methods

Patient population. We performed a post-hoc study of patients enrolled in A Systems Biology
Study to Tailored Treatment in Chronic Heart Failure (BIOSTAT-CHF), of which the design and
primary results have been published previously.(12,13) In brief, BIOSTAT-CHF was a
prospective, observational, multinational, European HF study, in which a total of 2,516 patients
were included. Patients were eligible with either a left ventricular ejection fraction (LVEF) <40%,
or plasma concentrations of N-terminal pro-B-type natriuretic peptide (NT-proBNP) >2000 ng/L.

Another 1,738 patients with HF were included in an independent cohort from six centers in
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Scotland, which we have used as our validation cohort. Patients were enrolled into the validation
cohort when they were diagnosed with HF and had a previous documented admission with HF
requiring diuretic treatment.(12) This study complies with the Declaration of Helsinki, and medical
ethics committees of participating centers approved the study. All patients provided written

informed consent.

Definitions. Patients were classified as AF when they met the following criteria: 1) a documented
history of AF, and 2) AF registered on the standard 12-lead electrocardiogram (ECG) at baseline
of the study. Patients were classified as having sinus rhythm when they met the following criteria:
1) no documented history of AF, and 2) sinus rhythm on the baseline ECG. Patients with a
pacemaker rhythm (n=320) or unknown rhythm (n=58) were excluded from our analyses. Patients
with prior episodes of AF but who were in sinus rhythm at baseline (n=197), and those without a
history of AF but with AF on the baseline ECG (n=82) were excluded from our analyses, since
these patients could interfere with the contrast in underlying pathophysiological pathways between
the AF and sinus rhythm groups under study. We did include these patients in a previous biomarker
study on AF in BIOSTAT-CHF, but since subsequent analyses revealed that many biomarkers
tend to fluctuate with paroxysmal episodes of AF, we chose to include HF patients with
‘permanent’ AF as compared with those who never had any previously documented episode of AF
in the current analyses.4, 14 A flow chart of the selected patients is displayed in Supplementary

Figure 1.

Biomarkers. The Olink Cardiovascular 111 (CVD I1I) panel includes 92 biomarkers from different
pathophysiological domains. The Proseek Multiplex 96*96 kit of Olink Bioscience (Uppsala,
Sweden) analysis service was used, which measured the 92 biomarkers in 1pl plasma samples.
The reagents are based on the Proximity Extension Assay (PEA) technology, which binds 92
oligonucleotide-labeled antibody probe pairs to the target biomarker.(15) For further
quantification, real-time PCR was performed. Olink wizard and GenEx software were used for
further data analysis. Proseek® data are presented as arbitrary units (AU) on a log2 scale
(Supplementary Table 1 and 2). Complete biomarker data was available in 87% of the patients

under study.

Statistical analyses. Normally distributed continuous variables were displayed as mean + standard

deviation, non-normally distributed variables as median with the first and third quartile (Q1-Q3).
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Categorical variables were presented as numbers with percentages. Group comparisons were tested
using Student’s t tests, Mann-Whitney U tests, or Chi-square tests where appropriate. Differences
in expression of the 92 biomarkers between patients with AF versus sinus rhythm were tested using
Linear Models for Microarray data analysis (Limma) software (version 3.34.9), using a log2 fold
change cutoff of 0.2, and a false discovery rate <0.05 according to the Benjamini-Hochberg
method. The biomarkers that were upregulated in patients with AF compared to those in sinus
rhythm were further studied by using pathway overrepresentation analysis. Pathway
overrepresentation analysis was performed with knowledge from established pathways in publicly
available databases: Gene Ontology (GO), Reactome, and the Kyoto Encyclopedia of Genes and
Genomes (KEGG), using Cytoscape (version 3.7.1) and plugin ClueGO (version 2.5.4).(10,16,17)
Multivariable logistic regression was performed to study the association between the biomarkers
within pathways and AF status, adjusting for age, sex, body mass index (BMI), heart rate, a history
of coronary artery disease, and renal disease. Since we were interested in underlying
pathophysiological differences between patients with heart failure with a reduced/mid-
range/preserved ejection fraction HFrEF/HFmrEF/HFpEF, we performed the same analyses in
these subgroups. Unfortunately, these subgroups were too small to gain results with pathway
overrepresentation analyses. This was still the case when we analyzed only two groups: LVEF
<45% versus LVEF >45%. We therefore tested for interactions to determine whether the
association of biomarkers and AF status was present in patients with HFrEF/HFmrEF/HFpEF by
adding the interaction term to the logistic regression model, and also tested for an interaction with
LVEF on a continuous scale. A separate network analysis focusing on pathophysiological
differences between patients with HFpEF and HFrEF has been published previously.(18) A p-
value smaller than 0.1 was considered statistically significant for testing interactions. All other
tests were performed two-sided, and a p-value of less than 0.05 was considered statistically
significant. Statistical analyses were conducted using R, A Language and Environment for
Statistical Computing, version 3.5.3 (R Foundation for Statistical Computing, Vienna, Austria).

The data underlying this article will be shared on reasonable request to the corresponding author.
Results

Index cohort
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Clinical characteristics. Of 1,620 patients with HF enrolled, 648 (40%) had AF and 972 (60%)
were in sinus rhythm. Patients with AF were older, less often women, had a higher BMI and a
higher heart rate (Table 1). Fewer patients with AF had a history of coronary artery disease, but
more often a history of renal disease as compared with those in sinus rhythm. Patients with AF
had larger left atrial diameters, and greater interventricular and posterior wall thickness on

echocardiography.

Biomarker concentrations. In the index cohort, 24 biomarkers were upregulated and three
biomarkers were downregulated in patients with AF as compared to those in sinus rhythm (Figure
1). A volcano plot with the up- and downregulated biomarkers is presented in Figure 2A. The three
biomarkers that were most significantly differentially expressed in patients with AF as compared
with those in sinus rhythm were neurogenic locus notch homolog protein 3 (NOTCH3, fold change
1.30, p=6.40x10"%*), insulin-like growth factor binding protein-7 (IGFBP7, fold change 1.33,
p=1.35x107%), and interleukin-1 receptor-like 1 (IL1RL1, fold change 1.35, p=1.75x107°)
(Supplementary Table 1).

Pathway overrepresentation analyses of upregulated biomarkers. Pathway overrepresentation
analyses of the 24 upregulated biomarkers in the index cohort revealed seven pathways that were
dysregulated specifically in patients with AF: 1) amyloid-beta metabolic process, 2) amyloid-beta
formation, 3) amyloid precursor protein catabolic process, 4) regulation of insulin-like growth
factor (IGF) transport and uptake by IGF binding proteins, 5) embryo implantation, 6) membrane

protein ectodomain proteolysis, and 7) regulation of neuroinflammatory response (Figure 3).
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Table 1. Baseline characteristics of patients included in the index cohort.

Atrial fibrillation  Sinus rhythm P-value
n=648 (40%) n=972 (60%)
Clinical
Age (years) 72+10 65+ 13 <0.001
Women (%) 164 (25) 298 (31) 0.02
BMI (kg/m2) 28+6 27+ 6 <0.001
NYHA Class I/LI/1II/1V (%) 9/50/37/4 12/53/32/4 0.07
Systolic blood pressure (mmHg) 125+ 21 126 + 23 0.43
Diastolic blood pressure (mmHg) 76 + 13 75+ 14 0.23
Heart rate (b.p.m.) 91+24 80+18 <0.001
Smoking <0.001
Never 270 (42) 322 (33)
Past 318 (49) 450 (46)
Current 58 (9) 200 (21)
History of (%)
Coronary artery disease* 244 (38) 448 (46) 0.001
Valvular surgery 71 (11) 31(3) <0.001
Stroke 72 (11) 71 (7) 0.011
Peripheral artery disease 69 (11) 88 (9) 0.33
Hypertension 419 (65) 597 (61) 0.20
Diabetes 210 (32) 308 (32) 0.80
COPD 116 (18) 140 (14) 0.07
Renal disease 213 (33) 213 (22) <0.001
Physical examination (%)
Rales 356 (56) 486 (52) 0.10
Oedema 393 (70) 399 (50) <0.001
Hepatomegaly 113 (18) 106 (11) <0.001
KCCQ - Quality of Life
Functional status score 43 [25, 64] 54 [34, 75] <0.001
Clinical summary score 41 [24, 61] 50 [32, 71] <0.001
Overall score 41 [26, 61] 51 [34, 70] <0.001
Laboratory data
NT-proBNP (ng/L) 34301872, 6387] 2293 [925, 5347] <0.001
Haemoglobin (g/L) 13.3[11.9, 14.6] 13.4[12.1, 16.6] 0.28
Creatinine (umol/L) 104 [88, 131] 97 [80, 121] <0.001
Echocardiographic data
LVEF, % 33+12 29+10 <0.001
Left atrial diameter, mm 50+8 46 = 8 <0.001
Interventricular wall thickness, 11 +2 10+£2 <0.001
mm
Posterior wall thickness, mm 11+2 10+2 <0.001
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Medication at baseline (%0)

ACE ior ARB 440 (68) 726 (75) 0.003
B blocker 523 (81) 810 (83) 0.20
MRA 318 (49) 516 (53) 0.13
Diuretics 648 (100) 971 (100) 1.00
Amiodarone 81 (13) 110 (11) 0.52
Digoxin 246 (38) 60 (6) <0.001
Verapamil/diltiazem 22 (3) 7 (1) <0.001
Class 1c antiarrhythmic drugs 2(1) 2 (1) 1.00
Ivabradine 0 (0) 23 (2) <0.001
Vitamin K antagonist 461 (71) 130 (13) <0.001
Direct oral anticoagulants 7(1) 0(0) 0.004

*Coronary artery disease: previous myocardial infarction, percutaneous coronary intervention
(PCI) and/or coronary artery bypass graft (CABG). BMI=body mass index, NYHA=New York
Heart Association, LVEF=left ventricular ejection fraction, BP = blood pressure, COPD=chronic
obstructive pulmonary disease, KCCQ=Kansas City Cardiomyopathy Questionnaire, NT-
proBNP=N-terminal pro-B-type natriuretic peptide, ACE i=angiotensin converting enzyme
inhibitor, ARB=angiotensin receptor blocker, MRA=mineralocorticoid receptor antagonist. P-
values for group comparisons were tested using Student’s t tests, Mann-Whitney U tests, or Chi-

square tests where appropriate.

Figure 1. Venn diagram displaying the number of significantly upregulated and downregulated
biomarkers in patients with atrial fibrillation versus sinus rhythm in the index (n=1,620) and
validation cohort (n=1,219) of BIOSTAT-CHF.
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Figure 2. Volcano plots of differential biomarker expression in patients with atrial fibrillation versus sinus rhythm in the index (A,
n=1,620) and validation cohort (B, n=1,219) of BIOSTAT-CHF. Y-axis = significance, x-axis = effect size (positive = up-regulated,
negative = down-regulated), labelled biomarkers are significantly differentially expressed proteins.
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Figure 3. Results of pathway overrepresentation analyses of patients with atrial fibrillation versus
sinus rhythm in the index cohort (A [n=1,620]) and the validation cohort (B [n=1,219]) of
BIOSTAT-CHF. The nodes in blue represent the 24 biomarkers that were significantly upregulated
in patients with atrial fibrillation as compared with those in sinus rhythm in the index cohort (A),
and 8 biomarkers that were significantly upregulated in these patients in the validation cohort (B).
The nodes in red reveal the overrepresented pathways of these biomarkers. Based on current
knowledge, the blue nodes below the figures are biomarkers that were not found to be
overrepresented in a specific biological pathway.
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Abbreviations: SPON-1=spondin 1, IGFBP-1=insulin like growth factor binding protein 1,
IGFBP-7=insulin like growth factor binding protein 7, MMP-3=matrix metallopeptidase 3,
TNFRSF1B= TNF receptor superfamily member 1B, TIMP-4= Metalloproteinase inhibitor 4,
SPP-1= secreted phosphoprotein 1, MMP-2=matrix metallopeptidase 2, IGFBP-2= insulin like
growth factor binding protein 2, CPAl= carboxypeptidase Al, CPB1= carboxypeptidase B1,
CSTB= cystatin B, FABP4= Fatty acid-binding protein, adipocyte, HSPG2= heparan sulfate
proteoglycan 2, MB= Myoglobin, NOTCH3= Neurogenic locus notch homolog protein 3,
NPPB=natriuretic peptide B, PLAT= plasminogen activator, tissue type, PLAUR= plasminogen
activator, urokinase receptor, TFF3= trefoil factor 3, CHI3L1= chitinase 3 like 1, TNFRSF1A=
TNF receptor superfamily member 1A, IL1IRL-1=interleukin 1 receptor like 1, GDF-15=growth
differentiation factor 15.
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Validation cohort

Clinical characteristics. The baseline characteristics of patients included in the smaller validation
cohort are presented in Table 2. In general, patients enrolled in the validation cohort were older,
had a higher LVEF, and lower plasma concentrations of NT-proBNP as compared with patients
included in the index cohort. However, similar trends were observed in patients with AF compared
to those in sinus rhythm, in which patients with AF were older, less often women, had higher heart

rates, and less often a history of coronary artery disease.

Biomarker concentrations. In the validation cohort, eight biomarkers were significantly
upregulated in patients with AF, all of which overlapped with the 24 biomarkers that were found
to be significantly upregulated in the index cohort (Figure 1). The eight biomarkers that were
upregulated in AF patients in both HF cohorts included IGFBP7 (fold change 1.30, p=5.13x108),
NOTCHS3 (fold change 1.25, p=1.44x1077), spondin 1 (SPON1, fold change 1.18, p=1.29x102),
IL1IRL1 (fold change 1.31, p=3.44x10!1), natriuretic peptide B (fold change 1.49, p=3.78x101Y),
matrix metallopeptidase 2 (MMP2, fold change 1.18, p=1.25x107), IGFBP1 ( fold change 1.26,
p=6.68x10"°), and growth differentiation factor 15 (GDF15, fold change 1.16, p=1.07x10"%)
(Supplementary Table 2). Low-density lipoprotein receptor (LDLR) and paraoxonase 3 (PON3)

were significantly downregulated in patients with AF in both the index and the validation cohort.

Pathway overrepresentation analyses of upregulated biomarkers. Pathway overrepresentation
analysis of the eight upregulated biomarkers in patients with AF in the validation cohort revealed
three activated pathways: 1) amyloid-beta metabolic process, 2) amyloid-beta formation, and 3)

amyloid precursor protein catabolic process (Figure 3).

Overlap index and validation cohort. The three amyloid-beta-related pathways were found in
both the index and validation cohort, and were related to three upregulated biomarkers in patients
with AF: SPON1 (fold change 1.18, p=1.33x10*?), IGFBP1 (fold change 1.32, p=1.08x10®), and
IGFBP7 (fold change 1.33, p=1.35x10'8). After adjusting for the clinical covariates age, sex, body
mass index, heart rate, a history of coronary artery disease, and renal disease, the concentrations
of SPON-1, IGFBP-1, and IGFBP-7 remained associated with the presence of AF (all p<0.001),
in both the index and the validation cohort. These associations were similar among HF phenotypes
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(HFrEF/HFmrEF/HFpEF; p for interaction = 0.42) and across LVEF as a continuous variable (p

for interaction = 0.96).

Table 2. Baseline characteristics of patients included in the validation cohort.

Atrial fibrillation Sinus rhythm
n=468 (38%) n=751 (62%)
Clinical
Age (years) 75+ 10 72+11 <0.001
Women (%) 148 (32) 291 (39) 0.01
BMI (kg/m2) 29+6 29+6 013
NYHA Class I/11/111/1V (%) 0/39/46/14 2/42/44/13 0.22
Systolic blood pressure (mmHg) 126 + 21 127 + 23 0.38
Diastolic blood pressure (mmHg) 72 + 15 68 + 12 <0.001
Heart rate (b.p.m.) 87 £27 72+18 <0.001
Smoking <0.001
Never 275 (59) 358 (48)
Past 148 (32) 279 (37)
Current 43 (9) 110 (15)
History of (%0)
Coronary artery disease* 194 (42) 462 (62) <0.001
Valvular surgery 39 (8) 39 (5) 0.04
Stroke 105 (23) 105 (14) <0.001
Peripheral artery disease 96 (21) 160 (22) 0.79
Hypertension 274 (59) 434 (58) 0.80
Diabetes 149 (32) 225 (30) 0.53
COPD 83 (18) 135 (18) 0.99
Renal disease 220 (47) 312 (42) 0.11
Physical examination (%)
Rales 219 (49) 301 (42) 0.02
Oedema 290 (68) 385 (57) 0.001
Hepatomegaly 20 (5) 23 (3) 0.36
KCCQ - Quality of Life
Functional status score 45 [25, 65] 46 [27, 71] 0.05
Clinical summary score 41 [25, 65] 45 [26, 70] 0.07
Overall score 42 [30, 60] 45 [30, 68] 0.03
Laboratory data
NT-proBNP (ng/L) 2105 [1045, 4204] 872 [311, 2807] <0.001
Haemoglobin (g/L) 135[12.1,14.7] 13.1[11.7, 14.3] 0.004
Creatinine (umol/L) 98 [82, 123] 95 [77, 121] 0.04

Echocardiographic data

LVEF, % 43+13 41+13 0.03
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Left atrial diameter, mm 48 +7 43+7 <0.001
Interventricular wall thickness, mm 13+3 12+ 4 0.29

Posterior wall thickness, mm 12+4 11+5 0.54

Medication at baseline (%0)

ACE ior ARB 322 (69) 540 (72) 0.28
B blocker 339 (72) 540 (72) 0.89
MRA 144 (31) 229 (31) 0.97
Diuretics 457 (98) 746 (99) 0.02
Amiodarone 12 (3) 27 (4) 0.41
Digoxin 193 (41) 12 (2) <0.001
Verapamil/diltiazem 18 (4) 13 (2) 0.036
Class 1c antiarrhythmic drugs 0(0) 0(0) 1.00
Ivabradine 1(1) 33 (4) <0.001
Vitamin K antagonist 327 (70) 87 (12) <0.001
Direct oral anticoagulants 22 (5) 6 (1) <0.001

*Coronary artery disease: previous myocardial infarction, percutaneous coronary intervention (PCI) and/or coronary artery bypass
graft (CABG). BMI=body mass index, NYHA=New York Heart Association, LVEF=left ventricular ejection fraction, BP = blood
pressure, COPD=chronic obstructive pulmonary disease, KCCQ=Kansas City Cardiomyopathy Questionnaire, NT-proBNP=N-
terminal pro-B-type natriuretic peptide, ACE i=angiotensin converting enzyme inhibitor, ARB=angiotensin receptor blocker,
MRA=mineralocorticoid receptor antagonist. P-values for group comparisons were tested using Student’s t tests, Mann-Whitney
U tests, or Chi-square tests where appropriate.

Discussion

We sought to identify pathophysiological pathways in HF patients with AF using pathway
overrepresentation analyses. In two independent HF cohorts we found that the presence of AF was
associated with amyloid-beta metabolic processes, amyloid-beta formation, and amyloid precursor
protein catabolic processes. These three pathophysiological pathways were found based on higher
levels of spondin-1, IGFBP1, and IGFBP7 in those with AF. In the larger index cohort, four more
pathophysiological pathways were found, which were not observed in the independent validation
cohort. Previous studies investigating specific phenotypes or subgroups in HF (e.g. diabetes,
ischemic HF, old vs. young, and HFpEF vs. HFrEF), have not revealed any amyloid-beta-related
pathways despite using the same methodology, which supports that the current findings might be
specific to the presence of AF in patients with HF.(10,11,19)

Individual biomarkers. In the present study, the concentrations of SPON-1, IGFBP-1 and
IGFBP-7 were closely linked to the three amyloid-beta-related pathways. Although IGFBP-1 and
IGFBP-7 are linked to a wide range of biological processes associated with inhibition and
stimulation of cell growth, the current knowledge indicates a more specific role for SPON-1.(20)
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SPON-1 is an extracellular matrix cell adhesion glycoprotein that is expressed in multiple organs
including the heart and brain.(20) The SPON-1 protein binds to the extracellular domain of
amyloid precursor protein and inhibits beta-secretase cleavage of this amyloid precursor protein,
a process that is strongly related to the formation of amyloid-beta depositions.(21) In a large
genome wide association study (GWAS) investigating the rate of cognitive decline in patients with
Alzheimer’s disease, the most interesting candidate gene identified was SPON-1, since it was
strongly associated with the rate of cognitive decline in two independent cohorts.(22) Recent
studies showed that increased levels of IGFBP-7, a marker of ageing and cellular senescence, were
strongly associated with increased left atrial size, and the presence of AF in patients with HF.(23-
25) In Framingham Heart Study participants without HF, increased levels of IGFBP1 were
strongly associated with incident AF.(26) In the present study, NOTCH3 was strongly upregulated
in patients with AF in both cohorts. The NOTCH system communicates in multiple tissues and
systems, including cell proliferation, differentiation, and apoptosis.(27) In the heart specifically,
NOTCH signaling has been suggested to be associated with repair of infarcted and overloaded
myocardium, but this has only been investigated in a pre-clinical setting.(27) The role of the
NOTCH system in patients with AF and HF is yet to be elucidated.

Amyloid-beta in heart failure and atrial fibrillation. Cardiac amyloidosis has been reported to
be associated with a high prevalence of AF in several previous studies;(28-33) however prior work
focused on isolated atrial amyloidosis (IAA) and transthyretin-derived amyloidosis (ATTR) — the
most commonly described forms of cardiac amyloidosis in elderly patients. Our results concerned
amyloid-beta depositions, which are generally acknowledged as a hallmark of Alzheimer’s
disease, in which abnormal cleavage of the amyloid precursor protein leads to pathological
amyloid-beta fragments, protein aggregation, and formation of extracellular plaques that can lead
to degradation of neurons.(34,35) Even though Alzheimer’s disease has been traditionally
considered as a brain-specific disease, recent discoveries suggest that other organs might also be
involved in the pathophysiology, suggesting that Alzheimer’s disease might be a focal
manifestation of a systemic disorder.(34,36) The epidemiological link between AF and
Alzheimer’s disease was first described in 1977, followed by studies showing that younger patients
with AF had an increased risk of developing all-cause dementia which could not be explained by
the increased incidence of stroke alone.(37-39) Since then, contradictory results have been

reported, but neuropathological analyses of autopsies did reveal a higher incidence of amyloid-
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beta plaques and amyloid angiopathy in the brains of patients with permanent AF.(40) Suggesting
a unifying pathogenesis, Troncone et al. performed a cross-sectional study investigating cardiac
involvement of patients with a primary diagnosis of Alzheimer’s disease as compared to age-
matched controls. Indeed, those with Alzheimer’s disease had increased left ventricular septal and
inferolateral wall thickness on echocardiography, and expression of amyloid-beta plagues in both
the heart and the brain.(36)

Clinical relevance. Even though the current study revealed pathways related to amyloid-beta
specifically, considerable overlap can be observed with more commonly recognized protein-
misfolding diseases that are known to affect the heart. As recently reviewed, cardiac involvement
has predominantly been reported in IAA, light chain (AL) and ATTR amyloidosis, but may occur
in other types of amyloidosis, with cardiac arrhythmias, especially atrial fibrillation, as common
presenting clinical features.(41) The consistency of cardiac clinical presentations among the
various types of amyloidosis, despite differences in involved proteins (e.g. ANP versus AL versus
ATTR), suggest common cardiac effects which may also plausibly apply to amyloid-beta
deposition.(42) Notably, the emergence of promising new treatment options for ATTR
amyloidosis has raised awareness of the importance of screening for amyloidosis in patients with
suggestive clinical features.(43-45) Whether similar mechanistic approaches can be of use in

patients with cardiac amyloid-beta depositions warrants further study.

Strengths and Limitations. To our knowledge, there have been no previous studies investigating
underlying pathophysiological processes using pathway overrepresentation in patients with AF
and HF. Therefore, our study adds to the limited understanding of the underlying
pathophysiological mechanisms of AF in patients with HF. The greatest strength of the current
study is that we were able to validate our results in an independent HF cohort with clear definitions,
and that the pathway overrepresentation analysis was based on a large number of measured plasma

biomarkers.

A limitation of this study is that the findings are based on post-hoc analyses. Unfortunately, we
did not have direct biopsy evidence of cardiac/atrial amyloid-beta involvement which are pivotal
to confirm the cardiac amyloid-beta hypothesis. Future research in cases (patients with AF+HF)
and controls (patients in sinus rhythm with and without HF) with markers derived from atrial tissue

will provide more direct insights into our hypothesis.(46) Another limitation concerns the selected
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biomarker panel, which did cover many pathophysiological domains, but was primarily a
cardiovascular disease-related biomarker panel. The number of significantly upregulated
biomarkers was higher in the index cohort than in the validation cohort, which resulted in more
associated pathophysiological processes in the index cohort than in the validation cohort. This
could be the consequence of the larger number of patients included in the index cohort, the
different inclusion criteria of patients that were used for the two independent cohorts, or the
different regions of inclusion of the study participants (11 European counties versus six centers in
Scotland). The use of amiodarone was higher in the index cohort compared with the validation
cohort. However, despite these differences between the two cohorts, all upregulated biomarkers
and pathways found in the validation cohort overlapped with those found in the index cohort. The
HFrEF, HFmrEF and HFpEF subgroups were unfortunately too small to yield results with pathway
overrepresentation analyses. There was, however, no interaction between the amyloid-beta-related
biomarkers and the HF subgroups, suggesting a pathophysiological role of amyloid-beta in HF
patients across the full LVEF spectrum. Not all (combinations of) biomarkers were annotated by
the publicly available databases even though these biomarkers were deemed to be significantly up-
or downregulated in our analyses (e.g. NOTCH3 and IL1RL1), since the content of these databases
is based on what is currently known about these biomarkers. Therefore, the results of the current
pathway overrepresentation analyses might change over time, when the knowledge on the
(combination of) biomarkers has increased. The current findings might reflect underlying
pathophysiological processes specific to elderly patients with AF and HF, since the mean age of
these patients was 72 and 75 years in the two cohorts respectively. The number of women included
in the cohorts was limited (n=462 [index] and n=439 [validation], 32%) and mainly comprised
postmenopausal women. Even though we have attempted to define the AF and sinus rhythm group
mutually exclusive, it is possible that patients with asymptomatic paroxysmal AF were
misclassified. Based on the current definition, we may have predominantly included patients with
persistent/permanent AF and less patients with paroxysmal AF. Moreover, we do not have data on
the duration of AF since no continues rhythm monitoring was incorporated in the study protocol,
which might have influenced the biomarker concentrations. Unfortunately, we also do not have
information on cognitive function, other neurologic diseases, nor information on systemic or

cardiac amyloidosis of patients enrolled in BIOSTAT-CHF, which could have strengthened our
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hypothesis linking AF — HF to Alzheimer’s disease and/or amyloidosis. As with all cross-sectional

studies, we cannot prove causality.

Conclusion

In two independent cohorts of patients with HF, the presence of AF was associated with amyloid-
beta metabolic processes, amyloid-beta formation, and amyloid precursor protein catabolic
processes, based on higher levels of spondin-1, IGFBP1, and IGFBP7 in those with AF. These

hypothesis-generating results warrant confirmation in future studies.
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Abstract

Aims. The recent 4S-AF scheme has been proposed as a structured scheme to characterise patients
with atrial fibrillation (AF). We aimed to assess whether the 4S-AF scheme predicts AF
progression in patients with self-terminating AF.

Methods. We analysed 341 patients with self-terminating AF included in the well-phenotyped
Reappraisal of Atrial Fibrillation: Interaction between HyperCoagulability, Electrical remodelling,
and Vascular Destabilisation in the Progression of AF (RACE V) study. Patients had continuous
monitoring with implantable loop recorders or pacemakers. AF progression was defined as
progression to persistent or permanent AF or progression of self-terminating AF with >3% burden
increase. Progression of AF was observed in 42 patients (12.3%, 5.9% per year). Patients were

given a score based on the components of the 4S-AF scheme.

Results. Mean age was 65 (IQR 58-71) years, 149 (44%) were women, 103 (49%) had heart
failure, 276 (81%) hypertension and 38 (11%) coronary artery disease. Median CHA2DS,-VASc
score was 2 (IQR 2-3) and median follow-up was 2.1 (1.5-2.6) years. The average score of the 4S-
AF scheme was 4.6x1.4. The score points from the 4S-AF scheme did not predict the risk of AF
progression (OR 1.1 95% CI 0.88 — 1.41, C-statistic 0.53). However, excluding the symptoms
domain, resulting in the 3S-AF scheme, predicted the risk of progression (OR 1.59 95% CI 1.15 -

2.27, C-statistic 0.62) even after adjusting for sex and age.

Conclusions. In self-terminating AF patients, the 4S-AF scheme does not predict AF progression.
The 3S-AF scheme, excluding the symptom domain, may be a more appropriate score to predict
AF progression.
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Background

Atrial fibrillation (AF) is a progressive disease that generally starts with sporadic, short and self-
terminating episodes and progresses to more frequent, long-standing and non-self-terminating
episodes.(1) AF Progression is the phenotypical representation of continuous atrial remodelling
causing atrial cardiomyopathy.(2,3) AF Progression rates vary in different populations ranging
from 2% to 20% per year depending on the population included, follow-up duration and type of
monitoring of AF progression.(2,4,5) AF Progression is associated with worse prognosis, including
more heart failure hospitalisations(2,6), stroke(7), increased mortality(7) and detriment in quality
of life.(8)

The HATCH score was proposed more than a decade ago to determine the risk of AF progression
in patients with self-terminating AF.(6) Contrasting results of the HATCH score suggest room for
improvement.(4,9) The introduction of continuous rhythm monitoring devices, deep phenotyping
and new techniques studying early markers of atrial remodelling may contribute to an improved

AF progression risk score.(5,10)

The 2020 European Society of Cardiology (ESC) AF guidelines have proposed an integrated frame,
the 4S-AF scheme, which addresses stroke risk, symptom severity, severity of AF burden, and
substrate of AF to provide a structured phenotyping of AF patients in clinical practice to guide
therapy and assess prognosis.(11-13) Its clinical utility, however, in predicting AF progression
remains to be validated. We, therefore aimed to pursue the following two objectives (i) to assess
the clinical profile of patients with self-terminating AF using the 4S-AF scheme, (ii) to evaluate
whether the 4S-AF scheme score predicts AF progression in deeply phenotyped patients with self-
terminating AF.

Methods

Study population. The Reappraisal of Atrial Fibrillation: Interaction between
HyperCoagulability, Electrical remodelling, and Vascular Destabilisation in the Progression of AF
(RACE V) is an investigator-initiated, prospective, multicentre study performed in the
Netherlands, and it is part of the translational RACE V consortium aiming to determine
mechanisms and predictors of AF progression. The design and methods have previously been

described.(10) In brief, the RACE V included patients aged >18 years with a history of less than
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10 years of self-terminating AF and a maximum CHA>DS,-VASc score of 5. Patients were eligible
if they had at least two documented episodes of self-terminating AF or one documented episode in
combination with > two symptomatic episodes suspected of being AF and were willing to undergo
implantation of a Medtronic (Minneapolis, USA) Reveal LINQ® implantable loop recorder.
Patients who already had Medtronic pacemakers were also eligible if atrial high rate episodes
(AHRE) > 190 beats per minute lasting > 6 minutes, qualified as AF episodes, were detected.
Patients with other types of pacemakers were not included due to incompatibility of algorithms for
AF episode detections. Patients with a history of persistent AF, with AF solely due to transient
triggers, currently pregnant, treated with amiodarone, on the waiting list for pulmonary vein
isolation (PVI), or with a life expectancy <2.5 years were not eligible to participate. Of the 417
patients included in RACE V, 341 (82%) had > 1 year follow-up of continuous rhythm monitoring
as of May 1st 2020 and had available echocardiography data. This subset of patients is considered
in the current analysis. The study was performed in concordance with the Declaration of Helsinki.
The Institutional Review Board approved the protocol, and the study was registered at
Clinicaltrials.gov (identifier NCT02726698). All centres approved the protocol and all patients

gave written informed consent.

Clinical assessment. Clinical history, physical examination, symptoms, medication use, and a 12-
lead electrocardiogram (ECG) were assessed at baseline. In addition, echocardiography was
performed and analysed offline in an anonymised format in a central core lab.(5) In addition to the
standard echocardiography measurements, speckle tracking was used to analyse strain deformation
of the left atrium (LA) and the left ventricle in a vendor-independent software (TOMTEC-ARENA,
Imaging Systems, Germany) Supplementary table S1 and figure S1.

Follow-up. All patients were treated according to the ESC AF guidelines.(11) Follow-up visits
were performed at 1 and 2.5 years. Patients could consent for 2.5 years continuous rhythm
monitoring, until the end of battery of Reveal LINQ, or for 4 years in case patients had a

pacemaker.

To collect continuous data on arrhythmias all patients received a home monitoring device
(Medtronic Carelink®). Both Reveal LINQ and pacemaker were set to AT/AF detection settings.
Episodes of AF >2 minutes were automatically detected and later independently validated by five

physicians. Arrhythmias with > 182 beats per minute and at least for >24 beats were automatically
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classified as tachycardia. Arrhythmias with < 30 beats per minute for at least 12 beats were
automatically classified as bradycardia. Asystole > 4.5 seconds were automatically classified as

pauses.(5)

Covariate and outcome definitions. Patients were classified as having heart failure in the
presence of a left ventricular ejection fraction (LVEF) < 45% at baseline or LVEF > 45% with
symptoms associated with heart failure (New York Heart Association functional class Il or 111) or
previous hospitalisation for heart failure. Hypertension was defined by a systolic blood pressure
>140mmHg or diastolic blood pressure >90mmHg, or use of antihypertensive medication. Chronic
kidney dysfunction was defined as estimated glomerular filtration rate (eGFR) < 60
ml/min/1.73m?. Obesity was defined as body mass index (BMI) > 30 kg/m?. Left atrial volume
index (LAV1) was categorized as normal (< 29 mL/m?) or increased (mild, 29-33 mL/m?; moderate,
34-39 mL/m?; severe, > 40 mL/m?). LA strain impairment was defined as having at least one low
value of any of the strain phases expressed in strain percentage deformation (reservoir strain < 38%
or conduit strain < 21% or contractile strain < 16%) Supplementary table S1.(14) AF progression
was defined as either one of the following verified in the implantable loop recorder or pacemaker
in comparison to the first six months, (1) development of persistent or permanent AF during follow-
up, or (2) an increase of > 3% AF burden over six months or total follow-up.(5)

4S-AF scheme assessment. Patients were assessed based on the components of the 4S-AF scheme
awarding a maximum points per domain as stated in the 2020 ESC AF guidelines (stroke = 1;
symptoms = 2; severity of burden = 2; substrate = 5) to a total maximum of 10 points (Table
1).(11,12) Stroke risk was assessed using the CHA>DS>-VASc score, awarding one point to the
risk of stroke with a CHA2DS>-VASc score of one or higher for men, and a score of two or higher
for women. Symptoms were assessed using the European Heart Rhythm Association symptom
classification, awarding zero points to patients in category | or lla, one point to patients in category
I1b and two points to patients in category Il or IV. The severity of AF burden was assessed based
on the duration and frequency of the AF episodes. Given that the population in this study had self-
terminating AF, all patients were given zero points in this category. Substrate was assessed based
on three subdomains 1) Comorbidity/cardiovascular risk subdomain; by awarding zero points to
patients without comorbidities, one point to patients with any comorbidity ( hypertension, heart

failure, diabetes mellitus, BMI > 25 kg/m?, moderate to severe mitral valve regurgitation, or kidney

85



dysfunction) and two points to patients with more than one comorbidity; 1) LA
enlargement/dysfunction subdomain; points were awarded to patients based on the presence of
atrial enlargement assessed by LAVI values (zero points if LAVI < 29 ml/m?, one point if LAVI >
29 ml/m? and LAVI <40 ml/m? ; two points if LAVI > 40 ml/m?) and one extra point if patients
presented LA dysfunction in any of the LA phases assessed by 2D speckle tracking strain (reservoir
strain < 38% or conduit strain < 21% or contractile strain <16%) (Figure 1 and Supplementary
Table S1) adding to a maximum of 2 points and; I11) Age subdomain; awarding a point to patients
who were 75 years or older. A modified 4S-AF scheme was derived by eliminating the symptom

domain, resulting in a 3S-AF scheme.

Statistical analysis. Continuous variables with normal distribution are expressed as mean +
standard deviation (SD); otherwise as median with interquartile range (IQR). Categorical variables
are presented as observed number with percentage. Continuous variables are compared using
independent Student’s t-test or the Mann-Whitney U-test, as appropriate. Logistic regression was
performed to assess association with AF progression. Models were adjusted for sex and age.
Interactions were examined in the models. C-statistic was performed to assess the prediction of the
score, for both the 4S-AF and the modified 3S-AF scheme. The Likelihood ratio test was used to
assess the goodness of fit of a model. The analysis was performed using software R v 3.3.3 (R

Foundation for Statistical Computing, Vienna, Austria).
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Table 1. Domains, description and definition of the 4S-AF scheme.(12)

Stroke (St)

definition

4S-AF
B 3S-AF
CHA:DS>-VASc score = 0 (males)

(max 1 point) 0 low risk or <1 (females)
1 not low risk, OAC CHA2DS>-VASc score >1 (males)
indicated or >2 (females)
Symptoms (Sy) 4S-AF
(max 2 points) 0 no or mild symptoms EHRA - lla
1 moderate symptoms EHRA IIb
5 Severe or disabling EHRA I11 - IV
symptoms
Severity of AF AS-AF
burden (Sb) ® 3S-AF
0 short episodes and
(max 2 points) infrequent episodes self-terminating AF or first onset
intermediate duration
1 and/or frequent persistent
episodes
9 long or frequent long-standing persistent AF or
episodes permanent AF
Substrate (Su) 4S-AF
(max 5 points) B 3S-AF
Comorbidity/CV
risk factors*
(max 2
points)
0 no no comorbidity/CV risk factor
1 single at least one comorbidity/risk factor
) . more than one comorbidity/risk
multiple f
actor
LA
enlargement/dys
function
(max 2
points)
LA ’
0 no LAVI <29 mli/m
enlargement
: LAVI >29 ml/m?and LAVI <40
1 mild-moderate
ml/m2
2 severe LAVI >40 ml/m?

LA dysfunction +1

impairment in LA
strain phase

87

one extra point if any of the
following: reservoir strain < 38% or



conduit strain < 21% or contractile
strain <16%)

Age >75
(max 1 point)
0 no <75 years
1 yes > 75 years

CV = cardiovascular; EHRA = European Heart Rhythm Association; LA = left atrium; LAVI =
left trial Volume index; OAC = oral anticoagulation; The CHA2DS2-VASc score assesses
thromboembolic risk. C = congestive heart failure/LV dysfunction, H = hypertension; A2 = age >
75 years; D = diabetes mellitus; S2 = stroke/transient ischemic attack/systemic embolism; V =
vascular disease; A = age 65-74 years; Sc = sex category (female sex); *Comorbidities and risk
factors were considered as any of the following: hypertension, heart failure, diabetes mellitus;
coronary artery disease, BMI > 25 kg/m?, moderate or severe mitral valve regurgitation and kidney
dysfunction (eGFR < 60 ml/min/1.73m?)

Results

Clinical characteristics. We included 341 (82%) from the 417 patients in RACE V. There were
no differences in baseline characteristics between the present analysed group and the ones not
included in the analysis (Supplementary Table S2). Median age was 65 (58-71) years, 149 (44%)
were women, 103 (49%) had heart failure, 276 (81%) had hypertension, and 38(11%) had coronary
artery disease (Table 2). The majority had a CHA2DS,-VASc score > 2 (n = 258, 76%) (Table 2).

Median number of comorbidities was 2 (2-3) and 16 (5%) patients had no identified comorbidities.

4S-AF and 3S-AF schemes. The average score of the 4S-AF scheme was 4.6 + 1.4. The majority
had less than half of the maximum possible score (4S-AF score <5, n = 243 [71%]). Of the total
score, 20% was explained by the stroke domain, 17% by the symptoms domain, and 67% by the
substrate domain (Figure 1, Table 3). Most of the patients did not have a low stroke risk (n=303,
89% [no progression group n = 262, 88%; progression group n = 41, 98%, p = 0.096]). More than
half had multiple comorbidities and/or cardiovascular risk factors (n = 232, 68% [no progression
group n = 198, 66%; progression group n = 34, 81%, p = 0.141]). Most had LA enlargement or
dysfunction, (n = 292, 86% [no progression group n = 258, 86%; progression group n = 34, 81%])

with more severe dysfunction in patients with progression (p = 0.006) (Table 3).
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Table 2. Baseline characteristics of the population

- _________________________n=31 |

Clinical characteristics
Age years
Female sex n (%)
Total history AF years
Heart failure n (%)
HFrEF n (%)
HFpEF n (%)
Hypertension n (%)
Diabetes mellitus n (%)
Coronary artery disease n (%)
Atherosclerosis* n (%)
Ischemic Stroke n (%)
Pacemaker n (%)
Number of Comorbidities**
Patients without identified comorbidity n (%)
CHA:DS2-VASc score
CHA:DS>-VASc score n (%)
<2
>2
EHRA class n (%)
I
Ila
Ib
i
v
Height cm
Weight kg
BMI kg/m2
Obesity BMI>30 n (%)
Waist circumference cm
Systolic blood pressure mmHg
Diastolic blood pressure mmHg
Laboratory results
eGFR mL/min x 1.73m?
Electrocardiogram
PR-interval ms
QRS-interval ms
Medications n (%)
B-blocker
Verapamil/Diltiazem
Digoxin
Antiarrhythmic drugs
ACE-inhibitor

65 (58 - 71)
149 (44)
2.7 (0.7 - 5.0)
103 (49)
6(2)

97 (46)
276 (81)
30 (9)
38 (11)
162 (48)
16 (5)
17 (5)
2(2-3)
16 (5)
2(2-3)

83 (24)
258 (76)

33 (10)
110 (32)
140 (41)
56 (16)
2 (1)

176 (168 - 184)
85 (74 - 97)
27 (24 - 30)

93 (27)

100 (93 - 108)

133 (125 - 145)
80 (74 - 85)

81 (70 - 90)

165 (150 - 186)
96 (88 - 102)

172 (51)
61 (18)
6(2)
94 (28)
64 (19)
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Angiotensin Receptor Blocker 68 (20)

Statin 120 (35)
Diuretic 52 (15)
Anticoagulant 235 (69)
Vitamin K antagonist 49 (14)
NOAC 186 (55)
Echocardiographic variables
Left atrial volume mL 58 (48 - 75)
Left atrial volume index (mL/m?) 29 (23 - 36)
Left atrial reservoir function % 36.0 (29.2 - 42.8)
Left atrial contractile function % 16.3 (12.7 - 21.6)
Left atrial conduction function % 19.3(13.9-24.4)
Left ventricular ejection fraction % 50+8
Left ventricular mass g 150 (130 - 181)
Left ventricular mass index g/m2 76 (67 - 88)
Left ventricle global longitudinal strain % -140+ 2.4

Data are presented as number of patients n (%), mean (standard deviation), or median
(interquartile range).

*Atherosclerosis is presence of history of myocardial infarction, percutaneous coronary
intervention, coronary artery bypass graft, ischemic cerebral infarction, peripheral
vascular disease, Agatston score > 400 or plaque.

**The number of comorbidities was calculated by awarding a point to each of the
following comorbidities, hypertension, heart failure, age > 65 years, diabetes mellitus;
coronary artery disease, BMI > 25kg/m?, moderate or severe mitral valve regurgitation
and kidney dysfunction (eGFR < 60 ml/min/1.73m?);

The CHA2DS2-VASc score assesses thromboembolic risk. C = congestive heart
failure/LV dysfunction, H = hypertension; A2 =age >75 years; D = diabetes mellitus; S2
= stroke/transient ischemic attack/systemic embolism; V = vascular disease; A = age 65
- 74 years; Sc = sex category (female sex);

ACE = Angiotensin-converting enzyme; AF = atrial fibrillation; BMI = body mass
index; eGFR = estimated glomerular filtration rate; EHRA=European Heart Rhythm
Association symptoms classification; HFpEF = heart failure with preserved ejection
fraction ; HFrEF = heart failure with reduced ejection fraction; NOAC = novel oral
anticoagulation.
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Figure 1. Characterization of patients with self-terminating AF using the 4S-AF scheme grouped by progression status

4S-AF score per group:

a) no progression: 4.6 £
1.5

b) proaression: 4.8 + 1.0
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The bar “% per domain” shows the percentage of score explained by each domain of the 4S-AF scheme. Each of the panels shows the percentage
of patients characterized using each of the domains in the 4S-AF scheme grouped by progression status. Darker colours in the bars represent
the group of patients with atrial fibrillation progression. P values represent the difference in patient distribution per progression status in each
of the 4S-AF scheme domains.
4S-AF scheme = maximum score per domain (stroke = 1; symptoms = 2; severity of AF burden = 2; substrate = 5) to a total maximum of 10
points. AF = atrial fibrillation
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Table 3. Characterisation using the 4S-AF scheme in the total patient population and per

progression status

4S-AF scheme score

4S-AF scheme score <5 points n (%)*

Domain scores
S1 stroke
S2 symptoms
S3 severity of AF burden
S4 substrate
Percentage of score explained by
each domain **
S1 stroke
S2 symptoms
S3 severity of AF burden
S4 substrate
Characterization per each domain
S1 stroke
low risk
not low risk, anticoagulation
indicated
S2 symptoms n (%)
no or mild symptoms
moderate symptoms
severe or disabling symptoms
S3 severity of burden n (%)
paroxysmal AF or first onset
persistent
long-standing persistent AF or
permanent AF
S4 substrate n (%)
0 points
1 points
2 points
3 points
4 points
5 points
Comorbidities/CV risk factors* n (%)

no
single
multiple

LA enlargement/dysfunction n (%)
no

total

population
n=341
46+14
243 (71)

1(1-1)
1(0-1)
0(0-0)
3(2-4)

20 (17-25)
17 (0 - 25)
0
67 (57 — 75)

38 (11)
303 (89)

143 (42)
140 (41)
58 (17)

341 (100)
0(0)
0 (0)

3(1)

26 (7)

65 (19)
132 (39)
104 (31)
11 (3)

23 (6)
86 (25)
232 (68)

49 (14)
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no

progression progression

n=299
46+15
121 (71)

1(1-1)
1(0-1)
0(0-0)
3(2-4)

n=42
48+1.0
31 (74)

1(1-1)
0(0-1)
0(0-0)
4(3-4)

20 (17 -25) 20 (17 - 25)

17 (0 — 25)
0
67 (57 - 75)

37 (12)
262 (88)

116 (39)
129 (43)
54 (18)

299 (100)
0(0)
0 (0)

3 (1)

26 (8)

55 (18)
122 (41)
86 (29)
7(2)

22 (7)
79 (27)
198 (66)

41 (13.7)

0(0-17)
0
75 (67 - 80)

1(2)
41 (98)

27 (64)
11 (26)
4 (10)

42 (100)
0(0)
0 (0)

0(0)
0(0.0)
10 (24)
10 (24)
18 (43)
4(9)

1(2)
7(17)
34 (81)

8 (19.0)

0.401
0.835

0.054
0.003

N/A
0.014

0.181
0.002
N/A
0.002

0.096

0.007

N/A

0.008

0.141

0.006



mild-moderate 143 (42) 135 (45.2) 8 (19.0)

severe 149 (44) 123 (41.1) 26 (61.9)

Age >75 n (%) 0.148
no 309 (91) 274 (92) 35 (83)
yes 32 (9) 25 (8) 7(17)

* 5 points is the half of scale based on the maximum score of the 3S-AF scheme

** calculated by dividing the points of the domain by total score the scheme

4S-AF scheme = maximum score per domain (stroke = 1; symptoms = 2; severity of AF burden =
2; substrate = 5) to a total maximum of 10 points. AF = atrial fibrillation.

Data are presented as number of patients n (%), mean (standard deviation), or median (interquartile
range).

CV=cardiovascular; LA=left atrium

The average score of the 3S-AF scheme, the 4S-AF scheme without the symptom domain, was 3.9
+ 1.2. The majority had less than half of the maximum possible score (3S-AF score < 4, n = 226
[66%]). From the total score, 25% was explained by the stroke domain and 75% by the substrate
domain (Table 4).

Table 4. Characterization using the 3S-AF scheme in the total patient population and per
progression status

total no
population progression progression p
n=341 n=299 n=42
3S-AF scheme score 39+1.2 38+1.2 44+10 0.006
3S-AF scheme score <4 points n (%)* 226 (66) 206 (69) 20 (49) 0.011

Percentage of score explained by
each domain **

S1 stroke 25 (20 - 25) 25(20-25) 20(20-25) 0.587
S3 severity of AF burden 0 0 0 N/A
S4 substrate 75(75-80) 75(75-80) 80(75-80) 0.587

* 4 points is the half of scale based on the maximum score of the 3S-AF scheme

** calculated by dividing the points of the domain by total score the scheme

3S-AF scheme = maximum score per domain (stroke = 1; severity of AF burden = 2; substrate
= 5) to a total maximum of 8 points. AF = atrial fibrillation.

Data are presented as number of patients n (%), mean (standard deviation), or median
(interquartile range).
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Progression. Median follow-up of continuous rhythm monitoring was 2.1 (1.5-2.6) years. AF
progression was seen in 42 patients (12.3%, 5.9% per year). Two thirds of the patients progressed
from self-terminating AF to persistent or permanent AF (n=28, 67%). Few patients had severe AF
symptoms (n = 58, 17%) and patients who developed progression had less AF symptoms (p =
0.007) (Figure 1).

Figure 2. Prediction of progression in patients with self-terminating AF using the 4S-AF and the
3S-AF scheme scores

atrial fibrillation progression

! W 4S-AF @ 3S-AF

0.9

0.8
OR 1.53 (95% CI 1.09 — 2.21)

°7| OR1.08 (95% CI 0.84 — 1.40) p=0.02

06 p=0.52

05 |—cimm -

C-statistic

0.4

0.3

0.2

0.1

0
Dotted line represents minimum value for C-statistic to be considered predictive. P-values
represent significance of the association between each scheme and the outcome based on logistic
regression after adjusting for sex and age. 4S-AF scheme = maximum score per domain (stroke =
1; symptoms = 2; severity of AF burden = 2; substrate = 5) to a total maximum of 10 points
3S-AF scheme = same domains as in 4S-AF scheme without the symptoms domain adding up to
a total maximum of 8 points.
AF = atrial fibrillation

There were no differences in the 4S-AF scheme scores between patients without and with
progression (p = 0.401) (Table 3). However, when using the 3S-AF scheme, patients without
progression were more often in the lower half of maximum possible score (3S-AF score < 4, n =
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206 [69%] versus n = 20 [49%], p = 0.011) and had a lower total score (3.8 £ 1.2 versus 4.4 + 1.0,
p=0.006) as compared to those with progression (Table 4).

The 4S-AF scheme score was not associated with AF progression (OR 1.11 95% CI10.88 - 1.41, p
= 0.40). The 3S-AF scheme score, without the symptom domain, was associated with AF
progression (OR 1.59 95% CI 1.15 - 2.27, p = 0.007); this association persisted after adjusting for
sex and age (Supplementary Table S3). The 3S-AF scheme showed a significant predictive value
of AF progression (C-statistic 0.62, 95% CI1 0.53 — 0.71) (Figure 2 and Supplementary Table S3).
There were no significant interactions for sex and age for any of 4S-AF or 3S-AF schemes
(Supplementary Table S3). From the individual domains of the 4S-AF scheme, an increase in the
substrate domain score was associated with progression (OR 1.62 95% CI 1.14 — 2.36, p = 0.010).
This association persisted after adjusting for sex and age. The association with progression within
the substrate domain was mainly driven by comorbidities and/or cardiovascular risk factors (OR
1.48 95% CI 1.09 — 2.02, p = 0.010) Supplementary Table S3. When comparing the models
associated with progression, the 3S-AF scheme performed better than the substrate domain alone
(likelihood ratio test p < 0.001).

Discussion

In a population of well-phenotyped self-terminating AF patients included in the RACE V study,
we characterised patients using the 4S-AF scheme. The main findings are 1) the 4S-AF scheme
was not associated with progression in patients; 2) the 3S-AF scheme, a modified scheme that
excludes the symptoms domain from the 4S-AF scheme, predicted AF progression in patients with
self-terminating AF albeit with low predictive value; and 3) the substrate domain explained most

of the 4S-AF scheme score, driven mainly by comorbidities.

Characterisation of AF patients. Characterisation of AF patients according to the 4S-AF scheme
is based on the stroke risk, symptoms, severity of AF, and substrate. The latter is composed of a
number of risk factors, comorbidities, atrial remodelling and older age(12). In this analysis, the
median 4S-AF score was lower than reported in previous studies characterising patients with AF.
(13,15-17) One of the reasons may be that we only included younger patients with less

comorbidities and with paroxysmal self-terminating AF.
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According to the 4S-AF scheme definition ,the stroke risk was not low. However, the total
CHA2DS,-VASc score was lower in the current analysis in comparison to previous studies. For
example, Guo et al evaluated patients with AF in the Optimal Thromboprophylaxis in Elderly
Chinese Patients with Atrial Fibrillation (ChiOTEAF) registry finding patients with slightly higher
CHA2DS,-VASc score (median 3, IQR 2-5).(16) Similarly, Rivera-Caravaca et al and Ding et al
characterised AF patients using the 4S-AF scheme in the EORP-AF Long-Term General Registry,
reporting both slightly higher CHA>2DS,-VASc score (median 3, IQR 2-4 for both).(13,15)
Malavasi et al reported a CHA2DS>-VASc score with median 2 (IQR 2-5) from the Fibrillazione
Atriale in Modena (FAMo) cohort.(17) Higher scores of CHA2DS,-VASc may indicate a

population with a higher risk of morbidity and mortality.

The severity of symptoms, the second S, was low in the current population. This might be explained
by the fact that we excluded symptomatic patients who may want to undergo PVI because of
symptoms. A similar proportion of patients had severe symptoms in the EORP-AF Long-Term
General Registry (18%) and explained a similar percentage of the total 4S-AF scheme score
(15%)(13). On the other hand, the percentage of patients with severe symptoms was higher in
FAMo cohort (26%). It was not possible to determine the percentage of the 4S-AF scheme score
explained by the symptoms domain.(17)

Since we only included patients with self-terminating AF, the third S, all patients had the same 4S-
AF scheme score under this domain. Both the EORP-AF Long-Term General Registry and the
FAMo cohort included less than half of the patients with self-terminating AF.(13,15,17) The scores
in these two studies were therefore increased by the points awarded to patients with more advanced
stages of AF. In the EORP-AF Long-Term General Registry, 18% of the 4S-AF scheme score was
explained by the severity of AF burden.

The substrate, the fourth S, depends on the number of comorbidities, atrial remodelling and age.
We included relatively young patients with a limited number of comorbidities. However,
comorbidities were identified in almost all of our patients. The substrate domain explained more
than half of the 4S-AF scheme score in the current study population, driven mainly by
comorbidities and risk factors for cardiovascular disease. This is different from the burden of
comorbidities reported from the FAMo cohort (67% with zero to two comorbidities); however, the

comorbidities included into the definition may have differed.(17) The cardiovascular risk factors
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(hypertension, hypercholesterolaemia, diabetes mellitus, coronary artery disease, heart failure and
coronary artery disease) reported in the EORP-AF Long-Term General Registry occurred less
frequently (12% of patients without cardiovascular risk factors) in comparison to the current study
population, with similar definitions.(13) In the latter study, the substrate domain explained less
than half of the 4S-AF scheme score whereas in the current analysis it explained most of the score,
predominantly in patients with AF progression. The higher reported number of cardiovascular risk
factors in the current analysis may be due to more comprehensive deep phenotyping of our
patients.(18)

AF Progression. AF progression ranges from 2% to 20% per year(2,4,19) and its progression
depends on the AF population investigated, duration of follow-up and type of monitoring of AF
progression. We observed lower progression rates as compared to data from 42 meta-analysed
studies assessing progression in patients with self-terminating AF.(19) In comparison to previous
studies, patients in our study were followed for a relatively short follow-up time and were a

relatively healthy population.(19)

In contrast to previous studies, we used continuous monitoring for the detection of AF
progression.(5) Most of the data on progression come from registry studies using
electrocardiographic or Holter monitoring, or alternatively only symptoms to assess AF
progression. In previous studies, follow-up was often longer and AF patients were at higher risk.
We included only paroxysmal AF patients. This all may explain differences in AF progression
rates between our data and previous studies.(19) In addition, better current handling of
comorbidities, for example high percentage of patients with hypertension but with a low average

blood pressure in our population, may have reduced the progression rate.(4,11)

We showed that a modified scheme without the symptoms domain, the 3S-AF scheme, was
associated with AF progression in the current study. However, the predictive value was low in spite
of having patients phenotyped in depth. This association, however, prevailed after adjusting for
sex and age. In line with our finding that symptoms seem less relevant for the prediction of AF
progression, Ding et al also did not find an association between the symptoms domain and all-
cause mortality nor for cardiovascular mortality.(13) Needless to say, symptoms are difficult to
interpret and depend on the type of patients included as well as the way they are interpreted by the

health care professional. To implement symptoms into a score assessing outcome may therefore be
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difficult. In our study patients who developed progression had less AF symptoms. The latter may
be explained by the institution of a more aggressive rhythm control approach in patients with more
severe symptoms. Alternatively, the absence of symptoms could have led to less consultation and
therefore less treatment, allowing atrial remodelling to progress.(2,20) A scheme omitting the
symptoms severity could probably be a better alternative to predict AF progression. The HATCH
score was proposed more than a decade ago to determine the risk of AF progression,(6) however
validating results are contrasting.(9) Schnabel et al showed in PREFER (PREvention oF
thromboembolic events-European Registry) study that the use of the individual components rather
than the HATCH score to predict AF progression performed significantly better (C-statistic 0.64
versus 0.52, p = 0.0001) but still with a low predictive value.(2) The CHA2DS2VASc score has
also shown to predict progression.(4) Since the CHA2DS,VASc score includes comorbidities and
cardiovascular risk factor components it is expected to be related to AF progression.(4,9)

The 4S-AF is a practical scheme to help characterise patients with AF. However, this scheme
remains to be validated. It is a dynamic score that warrants periodic reassessment in all its domains.
(12) Incidence of comorbidities included in both the stroke and substrate domain may change
punctuation within the domain, may cause progression of atrial remodelling and increasing risk of
AF progression.(4) In our current study, unfortunately, the 4S-AF scheme was only assessed at
baseline. For assessing the risk on AF progression, a modified 3S-AF scheme may be more
informative since symptoms seem not to be relevant for AF progression, in contrast to the severity
of the substrate. Further validation of modified 3S-AF scheme to predict AF progression will be
needed to prove its utility.

Limitations. The current study involves only patients with self-terminating AF and the results
cannot be generalised to the whole AF spectrum. Second, it is an observational study and treatment
was at the discretion of the treating physician, having potential impact on AF progression. It was
not possible to adjust for treatment strategy. Third, given the relatively healthy population with the
majority having a low score in the scheme and the short follow-up time, less progression occurred.
Fourth, we validated the score as proposed without making additions, such as P wave intervals;
neither did we evaluate dynamic changes in the score, such as comorbidities incidence, which could
have modified the score. Among the strengths of the current analysis, AF patients included were

in-depth phenotyped and had continuous monitoring providing the opportunity to assess more
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accurately AF episodes and burden. Moreover, speckle tracking was used, in place of volume
measures, to assess atrial function within the substrate domain. This may have led to the
identification of early atrial remodelling as it is less affected by loading conditions in comparison

to volumetric methods.
Conclusion

In self-terminating AF patients, the 4S-AF scheme does not predict AF progression. The 3S-AF
scheme, however, excluding the symptom domain, may be a more appropriate score to predict AF

progression.
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Chapter 7 Increased plasma levels of NT-proBNP, Troponin T and GDF-15 are driven
by persistent AF and associated comorbidities: Data from the AF-RISK
study
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Abstract

Atrial fibrillation (AF) is a progressive disease, and early recognition and management may reflect
an important strategy to reduce its disease burden. In this study, we evaluated plasma levels of
three biomarkers - N-terminal pro-brain natriuretic peptide (NTproBNP), Troponin-T, and growth
differentiation factor-15 (GDF-15) - in patients with paroxysmal AF (pAF) (<7 days of continuous
AF, n=323) and persistent AF ( (AF duration >7 days and <1 year, n=84) using patients from AF
RISK study (NCT01510210). In this AF-RISK sub-study, patients with persistent AF experienced
more symptoms (higher European Heart Rhythm Association class (p<0.001)), had a higher
comorbidity burden (p<0.001), and had more unfavorable echocardiographic parameters
(p<0.001). All three biomarker levels were significantly higher in patients with persistent AF as
compared to those with pAF (p<0.001). Multivariate linear regression analyses showed that age
(beta-coefficient for NTproBNP: 0.21; GDF-15: 0.41; Troponin-T: 0.23) and CHA,DS>-VASc
(beta-coefficient for NTproBNP: 0.20; GDF-15: 0.25; Troponin-T: 0.27) were determinants of all
three biomarkers, and that persistent AF determined NTproBNP (beta-coefficient: 0.34), but not
Troponin-T and GDF-15. More detailed analysis of CHA2DS,-VASc score showed that for all
three biomarkers age, coronary artery disease and heart failure were determinants of plasma
biomarkers levels, whereas sex determined NTproBNP and Troponin T, and hypertension
determined NTproBNP and GDF15. Overall, this study therefore suggests that in AF, Troponin T
and GDF15, and especially NTproBNP could be used to detect those patients with more persistent
form of AF that may warrant more aggressive treatment of AF and concomitant comorbidities.
Future studies, however, are essential to evaluate if more aggressive AF treatment and risk factor
management will reduce disease progression and holds a novel therapeutic intervention to reduce
the burden of AF.
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Atrial fibrillation (AF) is the most common cardiac arrhythmia, with still increasing incidence and
prevalence rate. It is expected that 6-12 million people will suffer this condition in 2050 in the US,
and 17.9 million people in Europe by 2060 (1). Patients with AF are known to have increased
mortality and morbidity rates, including the development of dementia, heart failure (HF) and stroke
(2,3), and this causes an important economic and health care burden. AF is a progressive disease,
and early recognition and management of increasing AF burden may reflect an important strategy

to reduce its disease burden (4).

In this study, we therefore evaluated plasma levels of three biomarkers in patients with paroxysmal
AF (pAF) and persistent AF (persistent AF) using patients from Identification of a risk profile to
guide atrial fibrillation therapy (AF RISK) study (NCT01510210). Detailed study design and
outcomes have been previously described (5). In short, AF RISK was a multicenter, prospective,
observational study, including patients aged >18 years, with pAF (total AF history <2 years, or
total AF history <3 years in case of <2 AF episodes of <48 hours per month terminating
spontaneously) or persistent AF (total AF history <2 years, and total persistent AF duration >7
days and <1 year) in whom a rhythm control strategy was preferred. AF RISK was performed in
compliance of the Declaration of Helsinki. The institutional review board approved study protocol
and all patients gave written informed consent. After inclusion, all patients underwent baseline
assessment including peripheral venous blood sampling for biomarker analyses. Blood samples
were processed and EDTA-plasma samples were stored at -80C. For present analysis, we included
pAF patients who had sinus rhythm during blood sampling (n=323) and included persistent AF
patients who were known with persistent AF, but were in sinus rhythm at baseline visit, either by
scheduled cardioversion or spontaneous conversion, and had atrial fibrillation during blood
sampling (n=84). Patients with pAF and atrial fibrillation during blood sampling were excluded

from this sub-study (n=8).

We analyzed plasma levels of two traditional cardiovascular biomarkers - N-terminal pro-brain
natriuretic peptide (NTproBNP) and Troponin-T — and one non-traditional cardiovascular
biomarker -growth differentiation factor-15 (GDF-15).Troponin-T, NTproBNP and GDF-15 were
measured at baseline using electrochemiluminescence by a Cobase 411 analyser using a standard

Roche Diagnostics GmbH method.
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Descriptive data of continuous variables are presented as mean+ standard deviation in normally
distributed data or median (interquartile range) in non-normally distributed data. Categorical
variables are presented as numbers with percentages. Differences between groups were evaluated
by Student’s t-test or Mann—Whitney U test for continuous variables, and Chi-square test was used
for categorical variables. A p-value <0.05 was considered statistically significant. Linear
regression analyses were performed to determine risk indicators of NTproBNP, GDF15 and
Troponin T levels. Biomarkers were logarithmically transformed and standardized to realize
constant variance. All patient characteristics and biomarkers were tested using a stepwise
approach: univariate variables with p<0.1 were investigated in a multivariate model. In the
multivariate model, a variable was excluded when p>0.05. Since CHA2DS,-VASC is a surrogate
parameter that is a composite score of several components (sex, age, hypertension, diabetes
mellitus, coronary artery disease, HF, peripheral artery disease, thromboembolic events)
association between three different biomarkers and individual components were tested separately
for each biomarker using linear regression analysis. Statistical analyses were performed using R
package (Version 3.1.3; R Foundation for Statistical Computing, Vienna, Austria) or STATA
(Version 14.2; StataCorp LLC; Tx, USA).

In this AF-RISK sub-study, patients with pAF were younger, more often women and had lower
CHA2DS,-VASc scores (Table 1). Patients with persistent AF experienced more symptoms as
reflected by higher European Heart Rhythm Association (EHRA) class (p<0.001). They also had
mildly impaired kidney function and suffered from more comorbidities, including hypertension,
congestive heart failure and a history of coronary artery disease (Table 1). Transthoracic
echocardiography showed higher left ventricular ejection fraction (LVEF) in patients with pAF
(LVEF %, median [IQR]: 58 [58-60]) and smaller left atrial volume indices (LAVI ml/m2, median
[IQR]: 32 [25-39]) as compared to those patients with persistent AF (LVEF %, median [IQR]: 55
[50-58], p<0.001; LAVI ml/m2, median [IQR]: 39 [31-47], p<0.001).

All three biomarker levels were significantly higher in patients with persistent AF as compared to
those with pAF: GDF-15, persistent AF: 1152 pg/mL [843-1647] versus pAF: 882 pg/mL [663-
1245], p<0.001; NTproBNP, persistent AF: 709 pg/mL [321-1441] versus pAF: 100 pg/mL [46-
228], p<0.001; Troponin T, persistent AF: 8 pg/mL [5-13] versus pAF: 5 pg/mL [3-9], p<0.001
(Table 1).
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Table 1. Baseline characteristics of patients with paroxysmal AF and persistent AF.

Age (years) (SD)
Female sex (%)

Blood pressure (mmHg)
systolic

diastolic

Smoking (%)

Diabetes Mellitus (%)
Hypertension (%)
Hypercholesterolemia (%)
Chronic HF (%)

CAD (%)

TIAICVA (%)

EHRA class (%)
I

I

Il

CHA2DS>VASC

eGFR (ml/min/1,73 m2)
LVEF (%)

LVEDD (mm)
LAVI (ml/m2)

Concomitant medication (%)

Beta-blockers
ACEIi/ARB
Ca-antagonists
Digoxin

Class IAAD
Class IHIAAD
(N)OAC
Statin
Diuretics

NTproBNP (pg/mL)
Troponin T (pg/mL)
GDF15 (pg/mL)

paroxysmal AF
n =323

58 + 12
130 (40)

131+ 18
78 +9
41 (13)
32 (9)
146 (45)
121 (38)
17 (5)
18 (6)
20 (6)

101 (31)
177 (55)
44 (14)

1[1-2]

86 [76-100]
58 [55-60]
49 [45-53]
32 [25-39]

186 (58)
131 (40)
67 (21)
7(2)

35 (11)
19 (6)

194 (60)
93 (29)
51 (16)

100 [46-228]
5 [3-9]
882 [663-1245]

persistent AF
n =84

63+9
19 (23)

129 + 17
80 + 12
17 (22)
9 (11)
51 (61)
35 (42)
24 (29)
17 (20)
6 (7)

19 (23)
46 (45)
27 (32)

2 [1-3]

75 [59-92)
55 [50-58]
50 [45-55]
39 [31-47]

59 (70)
46 (56)
17 (20)
11 (13)
2 (2)

7 (8)

78 (93)
33 (39)
31 (37)

709 [321-1441]
8 [5-13]
1152 [843-1647]

p
value

P <0.001
P<0.01

P=NS
P=NS
P=NS
P=NS
P <0.05
P=NS
P <0.001
P <0.001
P=NS

P <0.001

P<0.01

P <0.001
P <0.001

P=NS
P <0.001

P <0.05
P <0.05
P =NS

P <0.001
P <0.05
P=NS

P <0.001
P=NS

P <0.001

P <0.001
P <0.001
P <0.001

106



Results are presented as mean + standard deviation; median [Interquartile ranges] in case of
continuous data. For categorical data results are presented as percentages. P < 0.05 is considered
significant. Differences in continuous data were tested by Student’s t-test or Mann-Whitney U test
depending on normality of data. Differences in categorical data were tested by y2-test. HF = heart
failure; CAD = coronary artery disease; TIA = transient ischemic attack; CVA = cerebrovascular
accident; EHRA = European heart rhythm association; eGFR = estimated glomerular filtration
rate; LVEF = left ventricular ejection fraction; LVEDD = left ventricular end diastolic dimension;
LAVI = left atrial volume index; ACEi = angiotensin converting enzyme inhibitor; ARB =
angiotensin receptor blocker; Ca = calcium; AAD = anti arrhythmic drug; OAC = oral
anticoagulant; NOAC = novel oral anticoagulant.

Table 2. Overview of risk indicators per biomarker.

NTproBNP GDF15 Troponin T

Age Age Age

Sex Smoking Sex

EHRA category LVEF (%)

CHA2DS,VASCc CHA2DS,VASCc CHA2DS,VASc

- Age - Age - Age

- Sex - Hypertension - Sex

- Hypertension - Diabetes mellitus - Coronary artery disease
- Coronary artery disease - Coronary artery disease - Chronic heart failure
- Chronic heart failure - Chronic heart failure

Persistent AF

LAVI (mL/m?)

LVEF (%)

EHRA = European heart rhythm association; LAVI = left atrial volume index; LVEF = left
ventricular ejection fraction; AF = atrial fibrillation.

Multivariate linear regression analyses showed that age and CHA2DS,-VASc are determinants of
all three biomarkers, but that other determinants were biomarker-specific. For example,
NTproBNP is determined by age, CHA2DS,-VASc, increasing EHRA category, LAVI LVEF and
presence of persistent AF; GDF15 is determined by age, CHA2DS,-VASc, smoking and LVEF;
Troponin-T is determined by age, CHA2DS>-VASc and sex (Table 2). Since CHA2DS,-VASCc is

a composite score of several variables components (sex, age, hypertension, diabetes mellitus,
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coronary artery disease, HF, peripheral artery disease, pulmonary embolism or deep venous
thrombosis, or cerebrovascular incident) we analyzed the effect of individual components per
biomarker in more detail and observed that with regards to CHA2DS,-VASc score NTproBNP is
determined by age, sex, hypertension, coronary artery disease and HF, that GDF15 is determined
by age, hypertension, diabetes mellitus, coronary artery disease and HF, and that Troponin T is
determined by age, sex, coronary artery disease and HF. In spite of, the determining effect of

CHA:DS,-VASc,for all biomarkers, there are some small biomarker-specific effects.

In this multicenter, prospective study we showed that plasma levels of three biomarkers
NTproBNP, Troponin-T and GDF-15 are higher in patients with persistent AF than in pAF. In
those patients with higher biomarker levels, we observed higher co-morbidity burden and more
unfavorable echo-parameters such as enlarged LAV and slightly reduced LVEF. We furthermore
observed that age and CHA2DS>-VASc (as surrogate for higher comorbidity burden) are important
determinants of all three biomarkers, and that progressive atrial disease, extrapolated from our
findings of indicators of progressive atrial disease (higher EHRA category, increased LAVI,
decreased LVEF and persistent AF) is a major determinant for plasma NTproBNP levels, but not
for GDF15 or Troponin-T levels. Troponin-T and NTproBNP are both traditional cardiovascular
biomarkers that are widely used in clinical practice, while GDF15 is a more novel cardiovascular
biomarker. Troponin-T reflects myocardial damage and typically increases when ischemia is
present or in case of coronary artery disease. Increased levels of troponin- T are associated with
increased risk of all-cause mortality and major adverse cardiac events in patients with AF (6).
Growth differentiation factor 15 (GDF-15) belongs to the transforming growth factor- § (TGF- p)
cytokine superfamily (7) and circulating levels of GDF-15 are influenced by acute and chronic
cellular stressors including ageing and disease. In healthy humans, GDF-15 levels are low
throughout the entire body (8). Increased plasma levels of GDF-15 are observed in various
cardiovascular disease states such as HF and AF (9). In this study we observed that plasma levels
of Troponin-T and GDF-15 were not determined by persistent AF, but depended on other factors
such as ageing, CHA2DS,-VASc, smoking, LVEF and sex. Therefore, these biomarkers may be
useful to select those patients with higher co-morbidity burden and more unfavorable echo-
measures, but not to assess more progressed AF disease states as persistent AF. NTproBNP, on
the other hand, may reflect a biomarker that is helpful to identify those patients who are more

likely to suffer from persistent AF than pAF. NTproBNP is a marker of myocardial stretch and is
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upregulated when additional stress is assessed on the LV such as in heart failure or AF (10). In
patients with AF, higher levels of NTproBNP are associated with worse outcome including death,
independent of CHA2DS>-VASc score (10). Results of our study demonstrate that progression of
AF is associated with increased NTproBNP levels, and it may therefore reflect an additional tool

to select those patients with more persistent AF.

This study, however, is a cross-sectional study and results are thus descriptive and do not reflect
causality of biomarker levels and AF burden. Because of its cross-sectional design this study
cannot differentiate if increased biomarker levels are results of more persistent forms of AF or due
to increased comorbidity burden. The fact that there is little biomarker-specific variance in
comorbidities suggests that increasing plasma biomarker levels are not a sole effect of comorbidity
burden, but future studies are warranted to evaluate this in more detail. Of note, AF-RISK was
designed to evaluate AF-progression in patients with AF and did not include participants without
AF; we could therefore not compare biomarkers levels in patients with and without AF. Not all
AF patients were in an AF episode when blood withdrawal took place. This study was therefore

unable to explore the effect of an AF episode on biomarker levels in pAF and persistent AF.

Overall, in this study we show that patients with persistent AF have higher plasma levels of
NTproBNP, Troponin-T and GDF15, and that these higher plasma levels are accompanied by
higher comorbidity burden and more unfavorable echocardiographic parameters. Additionally, we
show that persistent AF determines NTproBNP levels, but not Troponin-T and GDF-15. We
therefore suggest that NTproBNP is a better diagnostic biomarker than GDF15 and Troponin-T
since NTproBNP is related to more AF, whilst GDF15 and Troponin-T are related to underlying
conditions and not a specific AF phenotype. This study also suggest that in AF, Troponin T and
GDF15, and especially NTproBNP could be used to detect those patients with high disease burden
that may warrant more aggressive treatment of AF and concomitant comorbidities. Future studies,
however, are essential to evaluate if more aggressive AF treatment and risk factor management
will reduce disease progression and holds a novel therapeutic intervention to reduce the burden of
AF.
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The general aim of this thesis was to provide insights on how risk factors, comorbidities and sex
differences are associated to AF and its progression. This association was investigated by
exploring underlying mechanisms using clinical, echocardiographic and blood biomarkers. In
addition, this thesis aimed to explore the role of the atrial cardiomyopathy (ACM) in AF and its
progression. To measure ACM, we used non-invasive echocardiographic techniques that could
help to assess atrial cardiac remodeling in patients with AF and support earlier detection of ACM.
In addition, we explored the role of biomarkers in the determination of progressive states of AF
and explore biological pathways that may be involved, including differences between sexes. In
chapter 2, we assessed atrial ACM using 2D speckle tracking in patients with short-lasting
paroxysmal AF. We found that the coexistence of risk factors and comorbidities was associated
with severity of ACM measured as an impaired atrial function using 2D speckle tracking. The
analysis was performed in The identification of a risk profile to guide atrial fibrillation therapy
(AF-RISK) study. In chapter 3, we further assessed ACM using 2D speckle tracking to distinguish
patients who had both short-lasting paroxysmal AF and heart failure with preserved ejection
fraction (HFpEF) from those without HFpEF. This was also an ancillary analysis in the AF-RISK
study. We found that atrial function differentiated patients who had both AF and HFpEF, from
those without HFpEF, despite both groups having comparable ventricular function. In chapter 4,
we investigated sex differences in blood biomarkers in patients with short-lasting paroxysmal AF
to identify differences between sexes in biological processes involved in ACM. We performed
enrichment of biological pathway analyses of 92 cardiovascular blood biomarkers in both women
and men from again the AF-RISK study. We then validated our results in women and men with
short-lasting paroxysmal AF from the Reappraisal of AF: Interaction Between Hypercoagulability,
electrical Remodeling, and Vascular Destabilisation in the Progression of AF (RACE V) study.
We found that women had higher levels of inflammatory biomarkers in comparison to men,
whereas men had higher levels of vascular remodeling related biomarkers in comparison to
women. In chapter 5, we explored different biological underlying processes related to ACM in
patients with AF and HF, using enrichment of biological pathway analyses. This analysis was
performed in the Systems Biology Study to Tailored Treatment in Chronic Heart Failure
(BIOSTAT-CHF) study. We found that the coexistence of AF together with HF was associated
with activation of amyloid-beta metabolic processes, amyloid-beta formation, and amyloid
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precursor protein catabolic processes. In chapter 6, we evaluated the clinical utility of the AF
characterization scheme (4S-AF scheme) proposed by the European Society of Cardiology 2020
AF guidelines which include stroke risk, symptom severity, severity of AF burden and substrate.
Using data from the RACE V study, we found that a modified scheme, 3S-AF scheme without the
symptoms domain, may be more appropriate to assess disease progression in patients with short-
lasting paroxysmal AF. In chapter 7, we assessed the role of well-established biomarkers
(NTproBNP, Troponin-T and GDF-15 with AF progression and risk factors and comorbidities,
data from the AF-RISK study. We showed that, independently of Troponin-T and GDF-15,

NTproBNP levels were associated with AF progressive states.
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AF is a wake-up call because it is not directly fatal, but it is associated with underlying risk factors
and comorbidities, and with poor quality of life, stroke, heart failure and worse cardiovascular
prognosis.(1,2) AF is a progressive disease and its progression is associated with the number and
severity of risk factors and comorbidities.(3-9) AF progression occurs due to more severe atrial
remodeling including both electrical and structural changes.(3-9) AF progression can be
deleterious for patients given the increase of HF hospitalizations,(4,10) stroke events(11),

mortality,(3-9) and impaired quality of life.(12)
ACM assessment in AF patients

Atrial cardiomyopathy (ACM) has been conceptualized in an expert consensus paper as ‘any
complex of structural, architectural, contractile or electrophysiological changes affecting the atria
with the potential to produce clinically-relevant manifestations’.(5) In the same consensus paper,
four classes have been determined based on histological findings (I) mainly cardiomyocyte
changes; (Il) mainly fibrotic changes; (111) combined cardiomyocyte-pathology/fibrosis; (1V)
primarily non-collagen infiltration (with or without cardiomyocyte changes). (5) However, clinical
and non-invasive parameters are yet to be established for its feasibility in daily clinical

practice.(13)

The definition of ACM encompasses structural deterioration of the atria where AF may be a result
and/or a contributor to ACM suggesting a reciprocal effect relation.(5,14) Owing to this reciprocal
relation, in this thesis we explored different ways to measure ACM within patients with AF. We
utilized accessible measures that may correlate to histological atrial remodeling findings, as a
proxy to understand underlying ACM and to provide more user-friendly tools for clinicians and

less invasive procedures for AF patients.

Assessing ACM in patients with AF can be cumbersome. (5) Atrial fibrosis, as a sign of ACM, is
directly related to AF prevalence and burden as shown in human heart tissue (15) and contributes
to disease progression, however warrants atrial tissue to diagnose.(16). Electrical remodeling
retrieves rapidly when converting AF to sinus rhythm in animal models; however, structural
changes persist and may be more relevant in maintaining AF.(17-19) Atrial size increase has been
closely associated with structural remodeling (8,20-22) and therefore used as a non-invasive proxy

to measure ACM. Studies have shown that structural remodeling is settled before atrial
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enlargement. (23-26) New imaging techniques have been suggested to measure ACM more
accurately at an early phase and during the course of the disease. (23-26) Early structural
remodeling has also been associated with outcomes in AF patients.(23,26,27) Measurement of
atrial sizes through echocardiography, however, is a non-invasive approach that is a feasible
technique in the regular clinical practice. There are other modalities of imaging to

comprehensively quantify left atrial sizes and ACM by means of fibrosis. (Table 1)

Speckle tracking is a 2D echocardiographic technique that measures the percentage of deformation
of each cardiac chamber.(28,29) Speckle tracking is less affected by loading conditions in
comparison to volumetric methods(46), outperforming atrial volume measuring to assess
ACM.(47-49) Late gadolinium enhancement magnetic resonance (LGE-MRI) is suggested to
assess accurately myocardial fibrosis as well as heart chamber size; however , experience is mostly
based on the study of the ventricles.(30-33) LGE-MRI assesses endocardial borders and the
presence, pattern and size of myocardial fibrosis in the ventricle(34,35) Reproducibility of the use
of LGR-MRI to assess size and fibrosis in the atria is lacking and it can be challenging due to
limitations in image resolution, thin atrial walls and variable atrial shape.(31)The Utah
classification to measure left atrial fibrosis has been proposed under LGE-MRI modality.(36) The
Utah classification consists of four stages as follow, minimal or Utah stage 1; <5%, mild or Utah
stage 2; 5-20%, moderate or Utah stage 3; 20-35%, and extensive or Utah stage 4; >35%. (36)
The use of the Utah classification and the general use of LGE-MRI in the atrial is yet to be validated
and might not be clinically applicable due to its low accessibility, costs and rejection in patients
with claustrophobia.

Integrated backscatter (IBS) is a non-invasive ultrasonic tissue technique that characterizes
tissue.(37) Through IBS, integrated images are obtained and measured in decibels to generate the
temporal profile of cyclic variation and can guide to determine abnormalities.(37-39) However,
IBS requires high technical sophistication and special modified ultrasound scanner to obtain the

raw ultrasonic signal.

Blood biomarkers of fibrosis, such as Galectin-3 and transforming growth factor beta 1 (TGF-f1)
have been shown to be associated with AF incidence and recurrences after ablation.(40-42).

Nevertheless, these biomarkers are not cardiac specific and may be altered by fibrotic processes in
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the ventricles and outside the heart. Therefore, studies of more atrial specific biomarkers or

combination of biomarkers explaining pathophysiological pathways is warranted.

Cardiac computed tomography has the disadvantage of being affected qualitatively by heart rate
(higher than 60 bpm, i.e. AF with a faster and irregular rate), providing dose radiation and being
contraindicated in patients with severe renal impairment or contrast sensitivity. In addition, cardiac
computed tomography has more limited spatial resolution in comparison to LGE-MRI. In general,
imaging techniques that try to capture fibrotic tissue in the atria may face constrains to detect
differences in image attenuation given the low thickness of the atria. (24,43-45) Hence, in this
thesis we focused on techniques that can detect impaired functionality of the atria and which are

more clinically accessible, i.e. by means of echocardiography
The role of left atrial dimensions to assess ACM

Studies have shown that left atrial size is strongly associated with histological fibrosis in patients
with AF. (20,46,47) Left atrial size was originally measured in parasternal long axis view which
represented the anterior posterior dimension, expressed as left atrium diameter; however, this
method was performed under a singular two-plane view making the hard assumption of a
symmetrical atria.(48,49) Measuring volume of the left atria depicts a better size assessment than
two-dimension (2D) length and area measures(48) and has been shown to be a stronger prognostic
parameter in diverse cardiac diseases, including AF.(28,50,51) Debonnaire et al. evaluated the
incidence of AF in 242 patients with hypertrophic cardiomyopathy without history of AF and
followed them for an average of 4.8 years.(52) They found that even though left atrial diameter
relate to new-onset AF in hypertrophic cardiomyopathy patients, left atrial volume further refines
risk stratification for new-onset AF.(52) Tsang et al. retrospectively evaluated new-onset AF in
more than 1,600 patients and showed that left atrial volume better stratified risk of AF in
comparison to left atrial diameter.(50) Ideally, three-dimension (3D) imaging methods to quantify
left atrial size should be performed; however, availability of 3D function might depend on the
software and equipment vendor. On the other hand, 2D methods can be acceptably adopted because

they have been shown to be correlated to 3D measures (Figure 1).(48,53)
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Table 1. Imaging studies assessing the prognostic value of atrial remodeling in patients with atrial fibrillation

Atrial
Type of  remodeli
AF ng
patients  measure
ment

Study
Name

Follow-up

. Primar
Intervention y

(months) outcome R

imaging modalities

Parwani et | Persistent 2D 102 66+10 @ 33% 15 catheter AF recurrence | <10% of basal
al., 2017 100% speckle ablation deformation
(54) tracking associated with

AF recurrence HR
6.4 (95% CI 2.4—

16.9)
Yasudaet | paroxysm 2D 100 59+11  36% between 3 = catheter AF recurrence = Basal deformation
al., 2015 al 68%, speckle and 12 ablation is predictor of AF
(55) persistent = tracking months recurrence OR:
32% 0.81 (95% CI
0.73 t0 0.89)
Yoonetal.,, paroxysm 2D 313 57+14 | 38% 26 observational =~ AF <30.9% of basal
2015 (56) al 100%,  speckle data progression deformation
tracking associated with
The progression HR:
Echocardio 4.224 (95% Cl,
graphic 1.804-9.892)
Predictors
of
Progressio
n of Atrial
Fibrillation
(E6P)
study
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Topsetal.,
2011 (57)

Marrouche
et al., 2022
(58)

DECAAF
1

Chelu et al-
., 2018 (34)

Atrial
Fibrillation
Research
Registry
King et al.,
2017 (59)

AFib
research
database
Canpolat et
al., 2015
(60)

paroxysm
al 76%,
persistent
24%

persistent

paroxysm
al 40%,
persistent
60%

paroxysm
al 53%,
persistent
31%
unknown
16%
paroxysm
al with no
identified
risk
factors/
comorbid
ities

2D
speckle
tracking

LGE-MRI

LGE-MRI

LGE-MRI

LGE-
MRI,
TGF-B1

148

843

308

1,228

41

54+9

Averag

63

65+12

64+14

49 + 8

21% 404

21% | 12-18

37% 13.2 (6-
36)

41% 0.23

415%  18(12-20)
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catheter
ablation

MRI-Guided
Fibrosis
Ablation

catheter
ablation

observational
data

cryoablation

LA reverse
remodeling
(15% or more
reduction in
maximum left
atrial volume
AF recurrence

AF recurrence

major adverse
cardiovascular
and
cerebrovascul
ar events

AF recurrence

OR:1.813 (95%
Cl 1.102 to 2.982)

not significant
(fibrosis <20% vs
>20%)

per every 10%
increase in
fibrosis HR, 1.4
(95% ClI, 1.20-
1.76)

Utah* stage IV
fibrosis versus
lower stage |
fibrosis HR1.67
(95% ClI, 1.01 to
2.76)

left atrial fibrosis
HR:1.127 (95%
ClI not provided)



Marrouche
etal., 2014
(61)

DECAAF
McGann et
al,, 2014
(62)

Malcolme-
Lawes et
al., 2013
(63)

Seitz et al.,
2011 (64)

Kuppabhall
y et al.,
2010 (65)

Oakes et
al., 2009
(66)

paroxysm
al 65%

paroxysm
al 50%
persistent
50%

paroxysm
al

paroxysm
al 14%
longstand
ing 36%
persistent
50%,

paroxysm
al 38%
persistent
62%

paroxysm
al 51%
persistent
49%

LGE-MRI

LGE-MRI

LGE-MRI

LGE-MRI

LGE-MRI

LGE-MRI

272

386

50

22

68

81

59 +11

mean

65

60 + 13

57 +9

62+ 14

64 +9
12

32%

36%

69%

18%

32%

36%

119

16

12

12

3,6,8,12

12

9.6 +3.7

catheter
ablation

catheter
ablation

cryoballoon
or
conventional
RF ablation

RF catheter
ablation

catheter

ablation

catheter
ablation

AF recurrence

AF recurrence

AF recurrence

“Difficulty”
AF ablation
(RF duration;
sinus rhythm
achievement;
complexity of
surface)

AF
Recurrence

AF recurrence

per 1% increase
in fibrosis HR
1.06 (95% ClI
1.03-1.08)

in advanced wall
structural
remodeling HR
4.89

increased with
increasing fibrosis
degree

strong correlation
between fibrosis
and difficulty of
ablation

HR 1.04 (95% ClI
1.01-1.08)

more fibrosis OR
4.88 (95% ClI
1.73-13.74)



Lingetal.,
2014 (67)

Sasaki et
al., 2014
(68)

Akoum et
al., 2011
(36)

Kubota et
al., 2012
(39)

den Uijl et
al., 2011
(69)

Wang et al-
., 2009 (38)

paroxysm
al 63%
persistent
37%

paroxysm
al 49%
persistent
51%

paroxysm
al (50%)
persistent
(50%)

paroxysm
al

paroxysm
al (71%)
persistent
(29%)

not
provided

T1
mapping

IBS

LGE-MRI

IBS

IBS

IBS

132

113

144

27

170

70

mean
56

mean
59

mean
52

62 + 13

56 +9

mean
66

25%

16%

11%

33%

11%

1,3,6, 12,
18, 24, 30

13.8 (8.7 -
19.9)

37 (34-40)

12+3

NA

catheter AF recurrence
ablation

catheter AF recurrence
ablation
catheter AF recurrence
ablation

NA progression
(paroxysmal
to persistent)

RF catheter AF recurrence
ablation

CABG Post-operative
AF

Data are mean + standard deviation, median (interquartile range) unless otherwise stated.
*Utah fibrosis classification with LGE-MRI= no or minimal Utah stage 1 <5%; mild or Utah stage 2, 5-20%; moderate or Utah stage
3, 20-35%; and extensive or Utah stage 4, >35%.

38% recurrence in
patients with T1
time <230 ms vs.
15% in patients
with T1 time
>230 ms

per 1dB increase
in IBS HR 1.04
(95% CI 1.01-
1.07)

increased fibrosis
leads to more
recurrence, and
more ablation is
needed for
SuCCess.

IBS >20 dB

vs. <20 dB HR:
8.74 for patients
with

Per 5dB increase
in IBSHR 2.8
(95% CI 2.2-3.6)

higher IBS in
post-operative AF
vs. SR



AF=atrial fibrillation; CABG = coronary artery bypass graft; Cl = confidence interval; dB=decibels; LGE-MRI = Late gadolinium
enhancement magnetic resonance; HR = hazard ratio; IBS = integrated backscatter; n= number; NA=not applicable; OR = odds ratio;
RF=radiofrequency; SD=standard deviation; TGF-p1= Transforming growth factor beta 1
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Figure 1. Relation between atrial fibrillation and atrial cardiomyopathy

1) cardiomyocyte changes;
1) fibrosis

1Il) combined cardiomyocyte-
‘pathology/fibrosis Modalities to assess the atria
~ IV) non-collagen infiltration

Palpitations
Breathlessness

Fatigue
Atrial enlargement
elevated natriuretic peptide

% - e s s >
Evaluation of substrate

Clinical accessible and less invasive

quality of measure

atrial function

&
Number of risk factors/comorbidities

ebrden UL

Atrial cardiomyopathy (ACM) implies cardiovascular deterioration of the atria where atrial
fibrillation (AF) may be a result and/or a contributor to ACM suggesting a reciprocal effect
relation. This translates into a diminishing of the atrial function (orange line) that can be worsened
by the accumulation of risk factors and comorbidities (red line) line represented in the graph under.
The worsening of the atrial function may phenotypically be presented as increased AF burden as
shown in the bar below the graph symbolizing the frequency and duration of AF episodes. On the
right side of the figure, different assessment methods of ACM in patients with AF. They are shown
graphically in balance, as for now, based on its clinical applicability in terms of accessibility and
less invasive procedures for patients to assess the atria. AF=atrial fibrillation; ACM=atrial

cardiomyopathy; CT = computed tomography; MRI= magnetic resonance
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Comorbidities and risk factors for ACM in AF patients

Even though more risk factors and comorbidities have been associated with the presence of AF,
not all studies do deep phenotyping of patients at baseline(Table 2).(2) The latter is relevant as
available data show that identification and treatment of risk factors and comorbidities is pivotal,
also for prevention of recurrent AF.(70) In the Euro Heart Survey on AF, even though not all risk
factors and comorbidities associated with AF were registered, more than half of patients already
have at least one comorbidity. (4) The incidence of AF increases as well as comorbidities increases
with age, however in younger population with AF, risk factors and comorbidities are also present.
De With et al. showed that 11% of the population did not have identified risk factors and
comorbidities in a relatively AF young population from the Phenotyping Young-Onset Atrial
Fibrillation Patients study (YOUNG-AF). (71) In addition, comorbidities have been shown to
contribute to ACM in AF patients.(72) Therefore, in chapter 2, we evaluated ACM using 2D
speckle tracking in patients with short-lasting paroxysmal AF. Furthermore, we assessed how
ACM was associated with the number of comorbidities. This was a sub-study was of “The
identification of a risk profile to guide atrial fibrillation therapy (AF-RISK)” study.(73) The AF-
RISK study is an observational study performed in two centers in the Netherland. Patients included
in the study had short-lasting paroxysmal AF and were excluded if they had history of heart failure
>3 years a history; severe valvular disease; acute coronary syndrome within the previous month;
AF classified as post-operative; or a contra-indication for oral anticoagulation. We evaluated seven
well-established associated comorbidities or risk factors including, age >65 years, BMI >25 kg/m?,
hypertension, diabetes mellitus, coronary artery disease, moderate to severe mitral valve
regurgitation, and kidney dysfunction.(74) We observed that the presence of comorbidities was
associated with ACM measured as impaired atrial function. Impaired atrial function was defined
as decreased deformation percentage measured through speckle tracking in any of the three
functional phases (reservoir, conduit, contractile). In accordance with previous studies, this
association was independent of atrial volume indexed, (23-25) implying that in this population

strain could be an earlier marker of ACM in patients with short lasting paroxysmal AF.

Moreover, after one year of follow-up, a progression of ACM was observed in patients with no or
low number of comorbidities in comparison to those with three or more comorbidities who showed

less or no further progression of ACM. These findings suggest that ACM starts early in the
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presence of AF along with comorbidities (75) and that in patients with three or more comorbidities
ACM is already well established. This supports the idea that early control of comorbidities as well
as early rhythm control of AF may be critical for stopping and/or reversing ACM.(76) Needless to
say, there are not so well known and newer identified comorbidities/risk factors, such as cancer,
obstructive sleep apnoea, and chronic obstructive pulmonary disease that were not incorporated in
this analysis.(13) The incorporation of these newer identified comorbidities/risk factors may

influence the results and warrants further research.
Heart failure in the context of atrial fibrillation

A common comorbidity associated with AF and its progression is heart failure (HF).(84-86)
Despite of being both different conditions, clinical symptoms and risk factors importantly overlap.
(84-86) This overlap suggests that there might be similarities in remodeling processes in the heart
in both conditions.(84-87) The presence of one of them increases the probability of the
other.(85,86,88-90) In addition, the coexistence of both worsens prognosis and is deleterious for
quality of life.(91) However, temporality of whether HF or AF comes first has impact in
outcomes.(92,93) When HF happens first, the incidence of AF seems to be a sign of worse
prognosis and more irreversible pathophysiological mechanisms, which ultimately lead to poor
prognosis. (92-95) When AF happens first, the development of HF can be a bystander as it may
be caused by a tachycardiomyopathy, which could be reversible, albeit not in all patients having a
better prognosis. (92-95) In the context of HF with the reduced ejection fraction (rEF) phenotype,
its diagnosis is straightforward by symptoms, results from echocardiography, and B-type
natriuretic peptide (BNP) or N-terminal pro-hormone BNP (NTproBNP).(86) Conversely, in the
context of HF with the preserved ejection fraction (pEF) phenotype, its diagnosis may be
overlooked in the presence of AF, and thus vice versa.(84) Therefore, HFpEF is cumbersome to
diagnose due to common symptoms with AF, such as breathlessness, fatigue and elevated NT-
proBNP.(84) Even more, scores for its diagnosis have included the presence of AF or ACM as an
important criterion (Table 3).(88,96) In the H.FPEF score, diagnosing AF in a patient translates
into a 55% probability for the patient having HFpEF.(88) In the HFA-PEFF score, left atrial
enlargement translates in two points from the five minimum, 40% of the score, to diagnose
HFpEF.(96)
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Table 2. Presence of risk factors and comorbidities in AF patients from in-depth phenotyped studies included in chapter 2 (AF-RISK),

chapter 6 (RACE V) and other studies including paroxysmal AF patients.

PAF Age, HT CAD HF DM  Overw Kidney MVR no
n(%o) years n(%) n(%) n(%o) n(%) eight dysfunction n (%) comorbiditi
_ n(%o) n(%o) es n(%o)
AF-RISK 344 5812 272 | 18 (5) 182 (53) 29 (8) 223 35 (10) 3(1) 27 (8)
Registry* (100) (79) (65)
n=344 174 8(2)
(51)

RACE V 341 64 £10 276 | 38 (11) 103 (49) 30(9) 226 16 (5) 4 (1) 16 (5)
Registry* (100) (81) 97 (46) 6 (2) (66)
n=341
Euro Heart 1,219 64=+13 756 390 255 (21) 183 NA 56 (5) 233 207 (17)
Survey on (100) (62) (32) (15) (19)
AF
De Vos et al. NA NA
2010 (4)
Registry
n=1,219
Tayebjee et 222 57+10 148 = 34 (8) NA 11(3) NA 27 (8) 16 (5) NA
al 2010 (77) = (53) (35) NA NA
Registry
n=419
Abed et al 86 60=+10 127 17 (11) NA 39 150 NA NA 0 (0)
2013 (70) (57) (85) (26) = (100)
RCT NA NA
n=150
ARREST- 89 58+10 126 20 (13) NA 26 NA NA NA NA
AF (60) (85) (17)
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Pathak et al.

2014 (78)
Registry
n=149
CARDIO-
FIT

Pathak et al.

2015 (79)
Registry
n=308
PREVEND
Vermond et
al. 2015 (80)
Registry
n=265
YOUNG-
AF*

De With et
al

2018 (71)
Registry
n=468
REVERSE-
AF
Middeldorp
etal. 2018
(81)
Registry
n=355
RACE 4
Wijtvliet et
al 2020 (82)
RCT

164
(53)

265
(100)

329
(70)

196
(55)

839
(62)

60+11

62+9

49+9

63 £11

64 + 11

232
(75)

145
(54)

207
(44)

274
(77)

645
(48)

39 (12)

NA

45 (10)

44 (12)

77 (6)

NA NA

NA

NA NA

6(2)

NA NA

44 (9)

NA NA

NA

NA NA

159 (12)

NA NA

126

84
(27)

23 (9)

21 (5)

103
(29)

131
(10)

(100)

NA

NA

35
(100)

NA

NA

NA

10 (2)

0(0)

NA

NA

NA

35 (7)

0(0)

NA

0 (0)

NA

51 (11)

0(0)

NA



n=1354

EAST- 994
AFNET (36)
Kirchhof et

al. 2020 (76)

RCT

ACTIVE- 78
AF (62)
Elliot et al.
2023(83)

RCT

n=120

70£8 | 2450 @ NA 798 (29) NA NA 13 1251 NA
(88) (45)
NA NA
70+11 | 80 | 17 (14) NA 16 NA NA NA NA
(67) (13)
NA NA

CAD: coronary artery disease ; DM: diabetes mellitus; HF: heart failure; HT: hypertension; MVR: mitral valve
regurgitation; NA: not available; PAF: short-lasting paroxysmal atrial fibrillation; pEF: preserved ejection fraction; rEF:
reduced ejection fraction

*Comorbities included were hypertension, heart failure, age > 65 years, diabetes mellitus; coronary artery disease,
Overweight (BMI > 25kg/m?), moderate or severe mitral valve regurgitation and kidney dysfunction (eGFR < 60

ml/min/1.73m?)
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Table 3. Proposed clinical scores to diagnose HFpEF in patients with dyspnoea (88,96)

Heavy BMI >30kg/m? 2 -septal e’ <7cm/s -average E/e’ ratio 9-14
-lateral ¢’ <10cm/s -global longitudinal strain
-average E/e’ ratio >15 <16%
Hy Eunctional -velocity of tricuspid
Hypertension | >2 antihypertensives 1 regurgitation >2.8 m/s
(pulmonary artery
systolic pressure
>35mmHg)
atrial short-lasting -LAVI >34ml/m? -LAVI 29-34 ml/m?
F o paroxysmal or 3 "LVMI >199/122g/m? "LVMI>115/95 g/m? (m/w)
Fibrillation . . . >
persistent (m/w) and relative wall -relative wall thickness
pulmonary artery Morohological thickness >0.42 >0.42
Pulmonar systolic pressure pholog -left ventricular wall
P y >35mmHg 1 thickness >12mm
hypertension . .
(echocardiographic
Doppler)
. -NT-proBNP >220 pg/ml | -NT-proBNP 125-220
Biomarker
E old agE Age >60 years 1 (in sinus rhythm -BNP >80pg/ml pg/ml
y -BNP 35-80 pg/m|
Eillin E/e’ ratio >9 Biomarker -NT-proBNP >660 pg/ml | -NT-proBNP 365-660
F ressu?e (echocardiographic 1 (in atrial -BNP >240pg/ml pg/ml
P Doppler) fibrillation) -BNP 105-240pg/m|

Interpretation of the probability/likelihood of HFpEF diagnosis

low probability , unlikely HFpEF

intermediate probability HFpEF

Two recent proposed score to diagnose HFpEF in patients who present dyspnea at consultation H2FPEF and HFA-PEFF.
BNP: B-type natriuretic peptide; LAVI: left atrial volume index; LVMI, left ventricular mass index; m/w: men/women; NT-proBNP: N-
terminal pro-B-type natriuretic peptide

128




Given this interrelation between AF and HF, in chapter 3 we further explored the value of
measuring ACM by means of 2D speckle tracking to distinguish patients who had both AF and
HFpEF from those without HFpEF. This was also an ancillary study from the AF-RISK
population. We showed that atrial function, from both atria, differentiated patients who had both
AF and HFpEF, from those without HFpEF. It is important to acknowledge that the definition of
HFpEF used in the current analysis differs from the current suggested algorithms.(88,96) First of
all, the definitions of HFpEF have been evolving and two current scores shown in Table 3 need
validation.(86) Second, the current European HF guidelines make a call to use a more clinical and
practical criteria to diagnose HFpEF. (86,88,96) Lastly, in order to make our results more
comparable and consistent with studies previously done in RACE 3, AF RISK and RACE V
studies, we used the same criteria, which included symptoms and signs of heart failure (dyspnea
and fatigue, equivalent to NYHA > 1I) or history of HF hospitalization and N-terminal pro-B-type
natriuretic peptide (NT-proBNP) >125pg/ml, and one of the following echocardiographic
measures: left atrium volume index (LAVI) >34ml/m2, left ventricular mass index >115g/m2 for
men and >95g/m2 for women, average E/e’ >13cm/s and average ¢’ <9cm/s.(97) Even though
HFpEF is characterized and phenotyped as a ventricular disease, we observed no demonstrable
differences in left ventricular (LV) function, measured by global longitudinal strain and LV
ejection fraction between our patients with AF and HFpEF versus those without HFpEF. These
findings suggest that HFpEF is not limited to the ventricle but also affects the atria and that
remodeling in patients with HFpEF in the ventricle and in patients with AF in the atria may have
common pathways.(87) Patients with AF and patients HF have higher levels of inflammatory
biomarkers, such as C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-
alpha (TNF-o) as compared to controls. (87,98) Neurohumoral activation is another shared
mechanism in AF and HF. The sympathetic nervous system and the renin-angiotensin-aldosterone
system (RAAS) are activated in both conditions, leading to increased vasoconstriction, sodium
retention, and myocardial fibrosis. (87,99,100) Oxidative stress is another key factor in the
pathogenesis of both AF and HF. Reactive oxygen species (ROS) are generated in response to
various stressors, including ischemia, hypoxia, and inflammation, and contribute to cell damage
and dysfunction. (87,101-103) The increased production of ROS has been associated with
decreased atrial myocardial energetics, as compared to those in the ventricles.(56) Moreover,

myocytes from the atria and the ventricle may respond differently during the remodeling processes,

129



however they may adopt each other’s phenotype.(57) In line with our data, in a study including
205 patients with dyspnoea NYHAZ>II, short-lasting paroxysmal AF and preserved LV ejection
fraction >50%, assessing ACM using 2D speckle tracking, defined as left atrial reservoir and left
atrial contraction, Katbeh et al. found that ACM was associated with the probability of HFpEF,
using two scores, H2FPEF and HFA-PEFF.

With the premise that AF and HF usually coexist, in chapter 5 we further explored different
biological underlying processes that could directly or indirectly be related to ACM in patients with
AF and HFrEF. We conducted and ancillary study of patients enrolled in the BIOSTAT-CHF
study.(104) The BIOSTAT-CHF is a prospective study designed to investigate the effect of
personalized treatment for heart failure in patients with chronic heart failure (CHF). The study
enrolled over 2500 patients with CHF from 11 different countries in Europe, and the patients were
up-titrated according to the guidelines on CHF treatment.(104,105) The presence of AF together
with HF was associated with activation of amyloid-beta metabolic processes, amyloid-beta
formation, and amyloid precursor protein catabolic processes. These three pathways were
validated in an independent validation cohort. Amyloid-beta depositions are commonly described
in Alzheimer’s disease. Despite Alzheimer’s disease is considered a neurological disease, more
studies suggest that it can be a systemic disease.(106,107) Recent research has shown that it also
accumulates in atrial tissue of patients with AF.(108-110) Donellan et al, retrospectively studied
382 patients diagnosed with transthyretin cardiac amyloidosis (ATTR-CA). They showed that AF
occurred in 265 (69%) of the patients. Therefore should the role of amyloid-beta within the context
of AF and HF and dementia be further investigated, e.g. by performing biopsy studies. Given the
cross-sectional approach of the study, we could only hypothesise an association but not causation.
There are current initiatives to study the heart-brain connection that could elucidate the association
between AF and Alzheimer’s disease.(111-113) Our current study was accompanied by an
interesting editorial comment discussing the implications of our findings. Keefe et al stressed, and
we also acknowledge, that to target amyloid-beta in the heart will require direct evidence of cardiac
deposition and subsequent experimentation of the therapeutic utility. Our data, thus, may
contribute to explore new possibilities of treatments targeting two distant but related diseases as
has been considered in terms of preventive interventions discussing that what may benefit the
heart, may also benefit the brain. (114-116)
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Sex differences in AF

It has been discussed so far that comorbidities and risk factors set the stage for ACM and AF, but
risk of AF and clinical presentation of patients with AF differ, in particular between women and
men. Men are associated with a 1.5 increased risk to have AF in comparison to women, after
adjusting for age and risk factors.(80,117) At the time of AF diagnosing, women are usually older
and have more but also different comorbidities than men.(118,119) In The Framingham Heart
Study, women with AF had more often valvular heart disease, whereas men had more often
coronary artery disease.(120) Other studies showed that women have also more hypertension and
HFpEF whereas men had more often coronary artery disease, history of myocardial infarction, as
was also the case in the Framingham Heart Study, and impaired left ventricular function. (74,121)
In addition, women tend to have more AF symptoms and atypical symptoms. (122-125) and suffer
from more adverse effects of antiarrhythmic drugs.(126,127) In the Rate Control Efficacy in
Permanent AF: A Comparison between Lenient vs. Strict Rate Control 11 (RACE II), women had
a higher burden of comorbidities in comparison to men (3.7 £ 1.2 in women vs. 2.9 £ 1.4 in men,

P <0.001).(74) Therefore, it is imperative to investigate sex related differences in AF.(128)
Blood biomarkers to assess ACM
Differences in biomarker profile by sex

NT-proBNP is a well established blood biomarker of myocardial stretching and it is associated
with incident AF. Patton et al. studied 5,445 participants in a community-based study and were
followed for a median of 10 years. They found that NT proBNP remained the strongest predictors
of incident AF after adjusting for potential cofounders with HR 4.0 (95% CI 3.2 — 5.0) irrespective
of sex.(129) In another community-based studied, with representations of different ethnical
groups, The Multi-Ethnic Study of Atherosclerosis, Patton et al. found that NTproBNP was a
strong predictor of incident AF in men and women across different ethnical backgrounds.(130)
Other biomarkers have also been associated with AF incidence and AF recurrences. Canpolat et
al. showed that TGF-B1 was associated with atrial fibrosis measured by LGE-MRI and AF
recurrences in AF patients without identified risk factors undergoing ablation.(60) Ho et al. found
in 3,306 patients from the Framingham Offspring study that Galectin-3 was associated with new-

onset AF. (131) However, differences in clinical presentation between women and men may
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indicate that underlying biological processes may differ and therefore biomarker profile.(128) For
this reason, it is necessary to explore new cardio-specific blood biomarkers and complementary
ways to analyse them, i.e assessing predominant biological process through quantifying a large
amount of blood circulating proteins. To investigate related biological pathways in a disease, blood
biomarkers can be seen as representation of the underlying processes happening in a disease.(132).
Therefore, to explore possible underlying biological mechanisms involved in the different clinical
presentations between men and women with AF, in chapter 4, we investigated blood biomarkers
in patients with short-lasting paroxysmal AF. We included patients from the AF- RISK study and
we then validated our findings in the RACE V study. For this, we compared an array of 92
cardiovascular blood biomarkers in women and men with AF (Olink cardiovascular panel 111). We
performed enrichment pathway analyses by adding neighbouring blood biomarkers not measured
in our sample but that are closely related in function. The addition of neighbouring blood
biomarkers was performed using knowledge from databases of biological processes in which the
measured 92 cardiovascular blood biomarkers are involved. The databases used were Gene
Ontology (GO) Resource that uses high level groupings established by the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway maps. (132-135) Biomarkers that were significantly
different between men and women with AF, from our analysis, were added two neighbouring
related, but not measured, biomarkers. This enrichment allowed us to make connection to other
potential biomarkers in related biological processes.(132-135) In women, levels of activated
leukocyte cell adhesion molecule (ALCAM) and fatty acid binding protein-4 (FABP-4) were
significantly higher in comparison to men. ALCAM is a cell adhesion molecule, which is involved
in leukocyte recruitment in case of tissue damage. In patients with stroke, ALCAM has been
associated with long-term mortality.(136) Ueland et al assessed ALCAM levels in 5165 patients
admitted with acute coronary syndromes in the PLATelet inhibition and patient Outcomes
(PLATO) trial. The results showed that the level of ALCAM was independently associated with
adverse outcome including cardiovascular death; this association remained significant after
adjusting for inflammatory and cardiac biomarkers.(137) Cell adhesion mechanisms increase the
adhesiveness of platelets and leucocytes incrementing the risk of thrombogenesis even when in
sinus rhythm.(5) Atherosclerosis has been associated with an increased risk of AF.(138,139)
FABP-4 is mainly expressed in adipose tissue and has been associated with systemic pro-

inflammatory state, metabolic syndrome and postoperative AF.(140,141) The presence of

132



inflammation causes and accelerates ACM through pro-inflammatory cytokines and
molecules,(8,142)

In men, matrix metalloproteinase-3 (MMP-3) and myoglobin were found to be significantly higher
expressed than in women. MMP-3 has been linked to vascular remodeling and has also been
suggested as potential therapeutic target in atherosclerosis.(143,144) These differences in
biomarker levels between sexes provide further evidence that the predominant pathophysiological
mechanisms in women and may differ, with more inflammatory responses in women and with
more prominent vascular remodeling processes being present in men. Chen et al. found higher
infiltration of inflammatory cells in tissue samples from both atria of patients with AF in
comparison to those without AF irrespective of sex.(145) Inflammation has been associated with
incident AF in women.(146,147) Conen et al. in a women cohort, the Women's Health Study,
analyzed 25,883 participants with a median of 14 years and found that inflammatory biomarkers
were associated incident AF after adjusting for potential risk factors.(146) Previous studies have
shown in heart tissue and blood samples that higher levels matrix metalloproteinase biomarkers
are associated with the presence and progression of AF. However, the number of participants was
not sufficient to stratify the results by sex.(148-150) Clinical parameters, biological system
approach using omics, including blood biomarkers, may aid to identify groups that would benefit
more from a specific intervention.(151)Given the different clinical presentations of AF between
sexes, further research needs to stratify women and men in the study design, rather than in a
sensitivity analysis looking for interactions, to clarify differences in mechanisms and possible

tailored interventions.

In chapter 7, we utilised well established blood biomarkers in cardiovascular diseases to evaluate
the association between AF burden and associated comorbidities, in different AF progressive
states. Specifically, we evaluated plasma levels of three biomarkers NTproBNP, Troponin-T and
GDF-15. Troponin-T and NTproBNP are known cardiovascular biomarkers that are widely used
in clinical practice, while GDF15 is a relatively novel cardiovascular biomarker. This was an
ancillary analysis of the AF-RISK study. We showed that NTproBNP was higher in patients with
persistent AF irrespective of Troponin-T and GDF-15. GDF-15 belongs to the growth factor- 3
(TGF- B) cytokine superfamily(152) and it is a marker of oxidative stress and inflammation.

Wallentin et al. showed that GDF-15 is associated with major bleeding, mortality, and stroke in
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patients with AF in the Apixaban for Reduction in Stroke and Other Thromboembolic Events in
Atrial Fibrillation (ARISTOTLE) trial after adjusting for other clinical risk factors.(153) GDF-15
has also been associated with increased risk of incident AF.(154) Troponin-T results from
myocardial damage and typically increases when ischemia is present or in case of coronary artery
disease. High levels of troponin-T are associated with increased risk of all-cause mortality and
major adverse cardiac events in AF patients.(155) NTproBNP is a marker of myocardial stretch
and its levels increase in the presence of increased dilation on the left ventricle, as what happens
in HF or AF.(84,156) Higher levels of NTproBNP are associated with worse outcome in AF
patients irrespective of CHA2DS2-VASc score. (84,156) We therefore confirmed that NTproBNP

is a better prognostic biomarker for progressed states of AF than GDF15 and Troponin-T.
ACM assessment in progressed forms of AF

AF is a progressive disease that starts with sporadic self-terminating episodes and evolves to more
frequent, longer and non-self-terminating episodes.(3)The first score that has been created to
predict progression is the HATCH score.(4) The HATCH score results in an ordinal scale with
maximum 7 points and is calculated based on the following parameters: Hypertension (1 point),
Age>75 years (1 point), Transient ischemic attack or stroke (2 points), Chronic obstructive
pulmonary disease (1 point), and Heart failure (2 points).(4) However, the results of the HATCH
are contrasting.(10,157). Schnabel et al showed in the PREvention oF thromboembolic events-
European Registry study that using the individual parameters in contrast to the whole HATCH
score to predict progression of performed significantly better (C-statistic 0.64 vs. 0.52, P =
0.0001).(10) Therefore, new measuring techniques such as imaging and blood biomarkers can help
improve existing scores or create new ones.(9,158,159) Recently, in the RACE V registry, a score
including echocardiographic and biomarkers, in addition to clinical characteristics, has been
proposed to predict AF progression. (9) Predictors for AF progression were ACM, male sex, mitral
valve regurgitation, waist circumference and blood biomarkers (coagulation, cardiac stretch,
cholesterol metabolism, inflammation and the immune system) with a C-statistic of 0.709, pending
validation in other cohorts.
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Characterization ACM in patients with AF

The 2020 European Society of Cardiology (ESC) AF guidelines proposed a frame to characterize
patients with AF, the 4S-AF scheme, which addresses stroke risk, symptom severity, severity of
AF burden, and substrate of AF.(85,160) This scheme requires validation to assess its clinical
utility. In chapter 6, we evaluated the clinical utility of a scheme proposed by the European
Society of Cardiology AF guidelines which include risk factors, comorbidities and the markers of
ACM discussed in this thesis.(85) Specifically, the 4S-AF scheme addresses Stroke risk, Symptom
severity, Severity of AF burden and Substrate of AF to provide a structured phenotyping of AF
patients in clinical practice to guide therapy and assess prognosis. We evaluated the clinical utility
of this scheme to predict progression in patients with short-lasting paroxysmal AF in the RACE V
registry.(9) We found that a slightly modified scheme, the 3S-AF scheme (4S-AF scheme without
the domain symptom severity), could be more appropriate to assess AF progression. Symptoms
are difficult to interpret because they will depend on individual characteristics of the patient and
the interpretation given by health care professionals. Therefore, implementing symptoms into a
score assessing outcome may therefore be cumbersome. In previous studies assessing the clinical
utility of the 4S-AF scheme in predicting outcomes in patients with AF, Ding et al did not find
either an association between the symptoms domain and all-cause mortality nor for cardiovascular
mortality.(161)

Future perspectives

It is important to assess ACM at early stages of remodeling using accessible tools in clinical
practice. ACM represents the atrial remodeling process in AF patients and its measurement is
crucial for characterization and prognosis of the individual AF patient.(5,85) Most of the studies
on atrial remodeling focus on the left atrium given it anatomical accessibility in imaging studies.
Therefore, knowledge on the role of ACM in the right atrium in the characterization and
perpetuation of AF is still lacking and could contribute to risk prediction in AF. Further, one of
the main topics of the Dutch Heart Foundation EmbRACE network is to recognize early signs of
ACM in patients with AF to provide possibilities for early and more personalized treatment. The
Dutch EmbRACE is a network of university medical centres, hospitals, and universities in
Groningen, Maastricht, Amsterdam, Utrecht, Leiden, Rotterdam, Arnhem, and Eindhoven

involving cardiologists, GPs, researchers, and patients. The incorporation of early markers of
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ACM into the characterization of patients can provide in a timely manner advice before ACM
perpetuates the presence of AF. The utilization of 2D speckle tracking is feasible in the regular
clinical setting, non-invasive for patients, and can be utilized in the initiatives to detect early ACM
in AF patients. The use of extended ECG can provide a detailed comprehension of the time,
duration and burden of AF episodes. Implementation research can provide tools to scale up the use

of 2D speckle tracking and provide new evidence from different levels of care.

Blood biomarkers could be useful to help assessment of ACM severity. NTproBNP should be
widely used in primary and secondary clinical settings, not only in specialized centers, to improve
risk stratification of AF patients and improve the clinical utility of proposed schemes to
characterize AF patients. Moreover, the integration of clinical, imaging and biomarkers can better
improve prognosis of AF patients. The assessment of new scores or the validation of new ones in
AF progression in well phenotyped patients as proposed in RACE V(9) can provide insights of its
clinical utility.

Our studies were limited by the use of selected biomarkers, and our current understanding on the
role of these biomarkers in specific disease areas. Using unbiased systems biology approach and
unsupervised artificial intelligence algorithms may help improve our understanding of unknown

unrelated risk factors for AF.

Comorbidities may play different roles in the settling of ACM in the left and right atria, which
requires further investigation. Cardiovascular health scores addressing modifiable risk factors have
been associated to the incidence and progression of AF.(162,163) Risk factor management through
lifestyle modification reduces AF burden and severity.(77,85,86,89) Therefore, search for
comorbidities is relevant to provide an integrated to AF patients and software tools can help into
the identification of comorbidities (Figure 2). The EHRA-PATHS project aims to transform and
improve the clinical practice in the field of AF to holistic, inclusive and personalised treatment
strategies. The EHRA-PATHS project gathers multidisciplinary expertise from the academy,
clinical practice and the industry to address multimorbidity in elderly AF patients through

interdisciplinary through patient-centred, systematic care pathways.(164)

Attempting to characterize patients based on clinical parameters and biological parameters without

contextualizing the patients’ environment, could miss a holistic view of a person. Most of the
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studies characterise patients in a point in time and avoid the dynamics of patients’ characteristics,
comorbidities and lifestyle decisions. In addition, available data on AF patients is derived mainly
from older Western European populations being results not generalizable to the whole world
population.(165-167) Attempts should be done whether markers of ACM in AF patients apply to
multiethnic populations(163) with the different modalities utilized in this thesis. eHealth tools can
be used to characterize patients based on changes of clinical parameters, exams, biomarkers and
lifestyle decisions (Figure 2). Further research is warranted into estimating the mediation effect
of lifestyle on the incidence and progression of AF taking into account dynamic changes of health
status, cardiovascular aging and, sex and ethnic differences. Currently, the LifestYle pReventlon
of Cardiovascular Ageing (LYRICA) project aims to identify markers of cardiovascular aging,
besides traditional risk factors, to diagnose and predict cardiovascular diseases and assess the
effect of lifestyle interventions from an ethnical and dynamic health status perspective.

Ultimately, understanding the environment in which people live and develop their daily activities
may influence the risk of AF and its progression as well as the underlying risk factors and
comorbidities. These environmental exposures, define within the context of exposome,(168) and
the social determinants such as sports facilities, place where people live, income and healthy eating
options may provide a better contextualization of clinical parameters for each individual (Figure
2).(169,170)

Figure 2. Ideal monitoring of AF for personalized assessment and management
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In conclusion, identification of ACM by feasible and easy to use tools in clinical practice can help
to better characterize patients with AF. In addition to assessment of the severity of the ACM, the
identification of comorbidities is crucial. Together they may contribute to provide a personalised
management strategy to AF patients. Dynamic changes in patients should be taken into account

when analysing and adjusting management of patients with AF.
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