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Abstract Atrial fibrillation (AF) has heterogeneous patterns of presentation concerning symptoms, duration of episodes, AF
burden, and the tendency to progress towards the terminal step of permanent AF. AF is associated with a risk of
stroke/thromboembolism traditionally considered dependent on patient-level risk factors rather than AF type, AF
burden, or other characterizations. However, the time spent in AF appears related to an incremental risk of stroke,
as suggested by the higher risk of stroke in patients with clinical AF vs. subclinical episodes and in patients with
non-paroxysmal AF vs. paroxysmal AF. In patients with device-detected atrial tachyarrhythmias, AF burden is a dy-
namic process with potential transitions from a lower to a higher maximum daily arrhythmia burden, thus justifying
monitoring its temporal evolution. In clinical terms, the appearance of the first episode of AF, the characterization
of the arrhythmia in a specific AF type, the progression of AF, and the response to rhythm control therapies, as
well as the clinical outcomes, are all conditioned by underlying heart disease, risk factors, and comorbidities.
Improved understanding is needed on how to monitor and modulate the effect of factors that condition AF suscep-
tibility and modulate AF-associated outcomes. The increasing use of wearables and apps in practice and clinical re-
search may be useful to predict and quantify AF burden and assess AF susceptibility at the individual patient level.
This may help us reveal why AF stops and starts again, or why AF episodes, or burden, cluster. Additionally,
whether the distribution of burden is associated with variations in the propensity to thrombosis or other clinical
adverse events. Combining the improved methods for data analysis, clinical and translational science could be the
basis for the early identification of the subset of patients at risk of progressing to a longer duration/higher burden
of AF and the associated adverse outcomes.
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This article is part of the Spotlight Issue on Atrial Fibrillation.

1. Introduction

Atrial fibrillation (AF) is an arrhythmia with a heterogeneous pattern of
presentation, in terms of symptoms, duration of episodes, time spent in
AF, evolution over time, and dependence on underlying heart disease,
risk factors, and comorbidities. Clinical management of AF could mark-
edly benefit from translational research and should provide important
feedback on how to direct basic research to a ‘bench to bedside and back
again’ process. In this review, we will summarize some updated data on
AF susceptibility and characterization, considering AF burden and its dy-
namic changes, including relation to clinical factors and indices that may
condition AF onset and burden, as well as patients’ outcome(s). We spe-
cifically focused on a series of clinical factors and comorbidities that are
related to AF susceptibility in terms of AF incidence, variable AF burden,
and tendency for progression to permanent AF.

2. Arrhythmia burden: dynamic
relationships, arrhythmia
progression, and clinical
implications for stroke risk
AF is associated with a substantial risk of mortality and morbidity from
stroke and thromboembolism (TE)1–4 and risk stratification for predict-
ing stroke and TE is a key requirement of clinical decision-making.5 The
CHA2DS2-VASc score is a simple stroke risk stratification tool targeted
to identify patients at low risk of stroke/TE,6 thus, providing a guide for
stroke prevention with oral anticoagulants (OACs).1,5,7 Different bio-
markers have been integrated into several risk scores for stroke and
bleeding prediction in the AF population (e.g. ABC-stroke, ATRIA and
ABC-bleeding), adding a modest, although statistically significant,
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improvement to conventional clinical-based scores.8 The addition of bio-
markers may represent an opportunity to fine-tune indices of AF
susceptibility. However, biomarkers alone may fail to predict specific
outcomes per se and need to be integrated with clinical elements to pro-
vide more targeted care. Many researchers have tried to investigate
which parameters could allow an improvement in the prediction of
stroke/TE on top of the CHA2DS2-VASc score, by including assessments
related to the specific type of AF as an indirect estimate of the time spent
in AF, or by measuring the burden of AF as a consequence of rhythm
monitoring.1,5 Although the term ‘AF burden’ has been used in the past
with different meanings,9,10 there is now an agreement in defining it as
the overall time spent in AF during a specified period. This term has also
been adopted to describe the temporal dynamic pattern of AF in regard
to the presence and duration of AF episodes, especially when data from
the continuous monitoring of an implanted device are available.11,12

Based on the clinical presentation of AF, and taking into account clinical
data on arrhythmia duration, different clinical subtypes of AF have been
proposed, independently of symptoms: first diagnosed AF, paroxysmal
AF, persistent AF, long-standing persistent AF, and permanent AF.5 This
classification is based on the clinical presentation, but only partially
reflects AF duration given the high proportion of possible asymptomatic
AF episodes, thus requiring detection and diagnosis based on electrocar-
diogram (ECG) recordings of variable duration, corresponding to a vari-
able intensity of monitoring.13 From this perspective, the 4S-AF (Stroke
risk, Symptom severity, Severity of AF burden, Substrate severity)
scheme recently proposed by the 2020 European Society of Cardiology
(ESC) guidelines on AF, has the potential to improve the characterization
of AF patients, moving towards a more comprehensive and structured
AF characterization rather than a single-domain AF classification.5,14

Traditionally, stroke risk stratification in AF is related to patient-level risk
factors rather than AF type, and the widely used scores for risk stratifica-
tion do not include the characterization of AF type. Current guidelines
recommend that decision-making on anticoagulation should be indepen-
dent of specific AF type.1,5 However, there is increasing interest in
assessing if the quantification of AF may allow for a more precise assess-
ment of stroke risk, beyond the traditional risk stratification based on a
binary approach, i.e. AF present vs. AF absent.15

The simplest approach to this topic was based on evaluating the risk
of stroke in paroxysmal vs. non-paroxysmal AF. Observational studies
exploring real-world practice showed that non-paroxysmal AF types are
common and predominant in daily practice.16,17 For example, in the
EURObservational Research Programme on AF (EORP-AF) General
Pilot Registry,16 patients with paroxysmal AF accounted for 27% of the
cohort and were younger, with a lower prevalence of heart disease and
major comorbidities, compared with non-paroxysmal AF patients. In the
registry, patients with non-paroxysmal AF had a worse outcome at
1 year, in terms of all-cause mortality due to a more severe clinical
profile. On the other hand, the risk of stroke at 1 year was relatively low,
with no differences between paroxysmal and non-paroxysmal AF, per-
haps reflecting the high rates of anticoagulation applied in this cohort.16

Vanassche et al.18 evaluated the rates of stroke and systemic embolism in
6563 aspirin-treated AF patients from the ACTIVE-A and AVERROES
databases and found that permanent AF was the second independent
strongest predictor of stroke, after prior stroke or transient ischaemic
attack (TIA).

A systematic review and meta-analysis of 12 studies on nearly 100 000
patients evaluating the risk of stroke/TE in paroxysmal vs. non-paroxys-
mal AF patients, indicated that the risk of stroke is significantly higher in
non-paroxysmal AF when compared with paroxysmal AF. However, the

heterogeneity in study design, treatments and ascertainment of out-
comes imposes caution in the interpretation of results.17

Since patients with non-paroxysmal AF spend more time in AF com-
pared to those with other AF types, it can be hypothesized that the over-
all temporal burden of AF is related to an increased risk of stroke.
However, it is uncertain whether the AF pattern is truly an independent
predictor of stroke beyond the effect of the many potential unmeasured
confounders, rather than a reflection of a different patient profile, in
terms of risk factors and comorbidities. Moreover, AF has a dynamic na-
ture and variable evolutions, including the possibility to be progressive,
with reported rates of progression to permanent AF in up to 25% of par-
oxysmal AF patients, depending on patient age, presentation at baseline,
underlying heart disease, and treatments/interventions.9 Among patients
with stroke risk factors recruited from the general population, progres-
sion to permanent AF was observed in around one patient out of six (i.e.
in 16%) continuously monitored by an implantable loop recorder (ILR)
for a median of 40 months in the LOOP study.19 In an individual patient
perspective, there is a need for improving the prediction of the evolution
of AF along with duration, since both progression from short to long
duration AF (including permanent AF) and reduction up to remission of
AF can be observed. The heterogeneity of AF behaviour and the variable
temporal dynamics of its potential progression or regression should be
better investigated, adding different variables, preferably related with
the atrial substrate beyond the quite expected clinical predictors of AF
evolution [hypertension, heart failure (HF), previous stroke].

Given the limitations to quantify AF on the basis of clinical parameters
and intermittent monitoring, additional insights come from studies on
patients implanted with cardiac implantable electrical devices (CIEDs).
CIEDs with an atrial lead allow a continuous monitoring of the atrial
rhythm, coupled with the storage of data on atrial tachyarrhythmias and
AF episodes presence, duration, time of occurrence, and temporal distri-
bution, thus resulting in a precise quantification of the burden of atrial
arrhythmias. For episodes of atrial tachyarrhythmias detected by CIED,
referred to as atrial high-rate episodes (AHREs) or subclinical AF, the di-
agnostic accuracy is highly reliable when episodes >_5 min in duration are
considered.13,20,21 According to the ESC Guidelines on AF,5 subclinical
AF is defined as AHRE confirmed to be AF or atrial tachyarrhythmia, or
AF documented by an insertable cardiac monitor or a wearable monitor
and confirmed to be AF by tracing analysis. It has been shown that AHRE
or subclinical AF episodes lasting at least 5–6 min are associated with
both an increased risk of subsequent onset of clinical AF [odds ratio
(OR) 5.7, 95% confidence interval (CI) 4.0–8.0] and an increased risk of
stroke/TE (OR 2.4, 95% CI 1.8–3.3).22 Preliminary analysis also suggests
that the dose–response relationship between AF burden and the risk of
stroke/TE may be non-linear.23 All of the findings related to AHRE have
to be interpreted, taking into account that they derived from selected
populations, characterized by the need for implanting a device for brady-
cardia or sudden death prevention or those with HF and an indication
for cardiac resynchronization therapy. Since the risk of stroke/TE for
subclinical AF/AHRE may be around half of the risk associated with clini-
cal AF,22 the threshold of AF burden above 5–6 min at which the risk of
stroke is markedly increased (and favouring the risk-benefit ratio for
OACs) is still undefined.24,25 This question is under evaluation in clinical
trials.26,27 However, a burden of at least 24 h seems to be associated
with a significantly higher risk of stroke, compared to patients without
AHRE.28 AF burden, as detected by CIEDs, is a dynamic process with fre-
quent transitions from a lower to a higher maximum daily burden, thus
making it appropriate to monitor the temporal evolution of daily burden
in association with the clinical profile.29 In patients presenting with
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clinical paroxysmal AF, the temporal pattern of AF as assessed by contin-
uous monitoring through CIEDs is heterogeneous, with AF recurrences
and progression to episodes of longer AF duration related to associated
comorbidities and a higher CHA2DS2-VASc score.30 Depending on the
type of study and length of follow-up, atrial premature complexes and
repetitive atrial complexes (also referred to as ‘micro-AF’), may be asso-
ciated with an increased risk of stroke and may predict AF detected by
prolonged monitoring.31 More detailed analysis of AF burden dynamics
and temporal distribution of AF episodes can be performed, such as
analysis of AF density32 that could provide a more granular characteriza-
tion of AF, with potentially novel implications for assessing the relation-
ship with stroke risk and atrial remodelling. In studies on CIEDs, both the
burden of AF and the duration of AF episodes have been assessed and
the two variables appear correlated to each other, although a direct as-
sociation with stroke/TIA is not validated33 unless variable combinations
with CHADS2 or CHA2DS2-VASc are taken into consideration.21

Notably, these risk stratification scores were first proposed in the setting
of clinical AF, and the reported incidence rates of stroke events were
lower for AHRE compared with clinical AF, although with an increased
risk of stroke associated with increasing stroke risk factors.34,35 Recently,
the LOOP study analysed the burden of AF in elderly patients with car-
diovascular risk factors, by assessing the role of enhanced AF detection
through an ILR.19,36 The study found that ILR may detect AF >_6 min
among the elderly with an incidence rate between 22% at 18 months37

and 40% at 30 months.38 Moreover, during the follow-up around 16% of
the patients presented AF episodes lasting >_24 h that were preceded in
85% of the cases by shorter AF episodes, indicating an individual ten-
dency to AF progression, with some variability in time relationships.19

Hence, there is a need for more powerful predictors of AF burden and
identification of the subset of patients at risk of progression to longer du-
ration/higher burden, also taking into account the overall clinical picture
and risk factors (hypertension, HF, previous stroke). Up until now, the
detection and monitoring of AF has been traditionally based on medical
tools and devices, but recently the field has been revolutionized by
advanced digital technologies, applied both in practice and in trials, with
the emerging use of wearables and healthcare apps usually proposed as
direct to consumer products.39 At present there is still a need to coordi-
nate and organize the use of wearables in daily practice.40 There are
many future opportunities, including virtual clinical trials, integration with
electronic medical records, and data elaboration with artificial intelli-
gence to expand the possibilities of detecting and monitoring AF beyond
the traditional settings. The temporal relationship between AF burden
and stroke could imply periods of increased risk, as suggested by the
case-crossover analysis of Turakhia et al.41 However, the temporal disso-
ciation between the presence of AF and the occurrence of stroke, found
in many patients with a CIED suggests that AF may act either as a true
risk factor for stroke (with a causal relationship linked to cardioembo-
lism) or as a simple marker of risk, with stroke not strictly related to AF-
related cardioembolism10,42,43 (Figure 1).

3. AF and the cardiac substrate:
clinical implications and
translational perspectives

There is a need for improving the characterization of AF in individual
patients, as recently suggested with the 4S-AF Scheme.5,14 This requires
knowledge of the role that cardiac factors and comorbidities may exert

in increasing AF susceptibility, in conditioning AF incidence, AF burden
and AF progression, as well as in modulating AF-associated outcomes in
a complex interplay of mutual interactions (Figures 1 and 2). Indices of AF
susceptibility based on the AF burden pattern and dynamic changes that
could be considered for improved patient characterization in the 4S-AF
scheme are shown in Table 1.

3.1 Atrial cardiomyopathy and atrial
function
3.1.1 Left atrial cardiomyopathy as a factor facilitating AF

onset
Atrial cardiomyopathy and atrial structural remodelling constitute the
background for incident AF and for its progression to more sustained
forms. Given the variety of underlying structural changes and the dy-
namic nature of structural atrial remodelling, a specific definition of atrial
cardiomyopathy is challenging. In 2016, a consensus document from the
European Heart Rhythm Association (EHRA)/Heart Rhythm Society
(HRS)/Asia Pacific Heart Rhythm Society (APHRS)/SOLAECE proposed
a pathophysiological classification focused on histological changes, recog-
nizing four classes according to the leading mechanism of structural
remodelling (cardiomyocyte changes, fibrosis, non-collagen infiltration,
or a combination of those).44 Notably, the term ‘atrial failure’ has been
recently proposed as an independent, clinically relevant entity beyond
AF and HF, defined as ‘any atrial dysfunction causing impaired heart per-
formance and symptoms and worsening quality of life or life expectancy,
in the absence of significant valvular or ventricular abnormalities and dis-
tinct from either atrial remodelling and atrial cardiomyopathy’.45

Since an atrial biopsy is not routinely available, the most reliable in-
dexes of atrial remodelling in clinical practice are atrial size and function.
The role of left atrial (LA) diameter (LAD) in predicting incident AF was
recognized in both the Framingham population, where the risk of inci-
dent AF raised by 30% for each 5 mm increase in LAD [adjusted hazard
ratio (HR) 1.31; 95% CI 1.14–1.52],46 and in the Cardiovascular Health
Study, in which LAD was an independent predictor of new-onset AF
(relative risk 1.74, 95% CI 1.44–2.11).47 However, LA volume provides a
more accurate assessment of LA size and better predicts AF develop-
ment, since a 30% increase in LA volume was found to carry an indepen-
dent 43% additional risk of AF onset, compared to a 38% additional risk
related to increasing LAD.48 Moreover, the joint implications of both
LAD and LA volume on the cumulative risk of AF were incremental to
each other and to clinical factors.48 Even in sinus rhythm patients, LA vol-
ume, indexed for the body surface area (LAVI), was greater in predicting
a composite of first-diagnosed AF, stroke or mortality than LA area or di-
ameter (area under the curve for LAVI 0.71 vs. 0.64 for LA area vs. 0.59
for LAD).49

The predictive power of atrial remodelling is even greater when con-
sidering LA function and specifically, LA emptying fraction (LAEF) as
firstly reported in a prospective study on sinus rhythm patients.50 The
study found that LAEF <_49%, measured by echocardiography, carried a
more than a five-fold increased risk for new AF/atrial flutter than LA vol-
ume >38 mL/m2, independently of clinical risk factors.50

In recent years, great developments on clinical imagery, such as LA
strain-derived quantification of LA function, could fill the gap between bi-
ological knowledge and clinical care of the arrhythmia. The role of LA
strain in AF is promising since there is increasing evidence that LA strain
could be used as a valid predictor of AF occurrence and recurrence,51

and potentially as a predictor of thromboembolic events. Additionally,
LA strain may finely characterize the tissue composition including
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fibrosis, fat accumulation, and pave the way for the search of new
biomarkers in high-risk patients. For example, atrial function assessment
by speckle-tracking strain echocardiography was a strong predictor
of incident AF in the Cardiovascular Health Study. As a marker of
pre-clinical atrial dysfunction, LA strain strongly predicted new-onset
AF, independently of traditional LA measurements and clinical risk
factors.51

3.1.2 Atrial cardiomyopathy, atrial function and burden

of AF
Higher AF burden and LA remodelling are known to be closely inter-
twined.52 LAD as a continuous variable was a major determinant of AF
progression in the YOUNG-AF study.53 Moreover, in a contemporary
cohort of AF patients, LA enlargement was independently associated to
AF progression and the addition of at least moderate LAVI to HATCH
score significantly improved the prediction of evolution to permanent
AF.54

3.1.3 Atrial function as a factor modulating outcomes
Atrial enlargement was originally considered as a significant predictor of
stroke and recurrences,55–57 but further evidence from the
Cardiovascular Health Study questioned this relation.58 In a large retro-
spective study on 8679 unselected patients, LA enlargement was found
in almost half of the population, and an increasing stroke prevalence was
observed with enlarging LA (16% normal, 19% mild, 20% moderate, and
22% severe). The association between LA enlargement and stroke failed
to reach statistical significance (adjusted OR 0.98; 95% CI 0.86–1.12),
while AF was confirmed as the true thromboembolic risk factor
(adjusted OR 1.34, CI 1.15–1.56).59

3.1.4 Translational implications
Atrial cardiomyopathy encompasses a broad variety of underlying condi-
tions and histological abnormalities, often poorly understood. Structural
atrial remodelling certainly plays a central role in promoting AF onset
and maintenance and its recognition, mainly in the early subclinical phase,
may promote additional prevention strategies and individualized

Figure 1 The complex interplay between atrial fibrillation, underlying atrial and ventricular factors, comorbidities, and adverse outcomes (stroke,
cardiovascular mortality). AF, atrial fibrillation; CAD, coronary artery disease; CKD, chronic kidney disease; LV, left ventricular; OSA, obstructive sleep
apnoea; PAD, peripheral artery disease.
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..management. However, the relationship between AF and atrial cardio-
myopathy appears to be bidirectional and further studies are needed to
understand the dynamics and the determinants of LA structural changes,
also with regard to the implications for therapeutical management. The
relationship between the cumulative AF burden and atrial function is not
well established and requires further investigation. Both animal and hu-
man studies have found that cardioversion of AF episodes of brief dura-
tion (<1 h) either is not associated with a depression of atrial contractile
function (i.e. ‘atrial stunning’) or results in an atrial stunning that resolves
within a few minutes60,61 Conversely, atrial stunning is well documented
after conversion of AF lasting 1–2 weeks, with the resumption of con-
tractile function in 1–2 days, while in the case of persistent AF post-car-
dioversion atrial stunning may resolve within 1–4 weeks in most
patients.62 It is unknown what is the effect of repeated episodes of AF or
AHRE lasting several hours on atrial contractility and if the cumulative
time spent in AF may impair the recovery of atrial function after sinus
rhythm resumption.60 Atrial fibrosis is an integral component of atrial
remodelling in AF and is associated with progressive atrial dilation, re-
duced mechanical function and AF susceptibility. However, the burden
of atrial fibrosis does not always directly correlate to the extent of AF
burden, as clinically defined on the basis of paroxysmal or persistent

AF63 thus raising the question of what amount of atrial burden may trig-
ger the complex network of pathophysiological mechanisms leading to
fibrosis64 and which is the extent of individual variability in development
of fibrosis.

4. AF and comorbidities: clinical
implications and translational
perspectives

Many comorbidities are affecting the development and evolution of AF,
as well as the clinical course of AF patients, with influences on AF tempo-
ral patterns and AF burden. Different comorbidities are recognized but
they are not exactly weighted in quantitative terms, also in consideration
of the mutual interactions that exists. The effect of the most common
comorbidities affecting AF incidence, temporal pattern and outcomes
are shown in Figure 3, Table 2S1–S18 and Table 3S19–S42 (Tables’ references
are listed in the Supplementary material online). Potential key mecha-
nisms and pathophysiological alterations related to specific risk factors
and comorbidities conditioning susceptibility to AF, evolution of the AF

Figure 2 Time pattern and type of atrial fibrillation. AF, atrial fibrillation; AHRE, atrial high-rate episodes; APC, atrial premature contraction; min,
minutes; SR, sinus rhythm.
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burden and progression from paroxysmal to permanent AF65–67 are
summarized in Table 4.

4.1 Heart failure and ventricular
dysfunction
4.1.1 Heart failure as a factor facilitating AF onset
HF and AF represent two major health problems often weaved in a re-
ciprocal relationship in which one favours both onset and maintenance
of the other. HF has been associated with a more than threefold risk of
incident AF,68 with an overall prevalence of AF ranging from 27% in HF
with reduced ejection fraction (HFrEF) to 39% in HF with preserved
ejection fraction (HFpEF) in the ESC HF long-term registry.69 The recip-
rocal relationship between AF and HF is confirmed by data indicating
that AF was reported in 57% of patients with new HF diagnosis70 and al-
most one-third of those with chronic HF.71

4.1.2 Heart failure and AF burden
Large HF trials have revealed that the likelihood of AF increases with the
severity of HF, ranging from 10% in HF with New York Heart
Association (NYHA) class I to class II symptoms to 50% in HF with
NYHA class IV symptoms.72 HF was an independent predictor of clinical
AF progression, estimated as 5.2 per 100 patient-years in the 3-year fol-
low-up of the Swiss AF study.73 While many studies were focused on HF
with systolic dysfunction, the prevalence of AF is even higher in HFpEF.74

In many studies on HF, persistent or permanent AF is more common
than paroxysmal AF, indicating that HF is more frequently associated
with more advanced types of AF. Among the 15 415 patients random-
ized in the ATMOSPHERE and PARADIGM trials, 35.6% patients had a
history of AF and two-thirds of these had persistent or permanent AF,
with paroxysmal AF accounting for one-third of the cases.75 In observa-
tional studies, long-standing persistent or permanent AF is the most
commonly diagnosed type of AF, accounting for 40–50% of cases, with
20–30% of patients presenting paroxysmal and 20–30% presenting per-
sistent AF.74 Most of the available data regarding the relationship be-
tween HF and AF are based on studies of clinical AF (i.e. 12-leads ECG
confirmed AF). In a sub-analysis of the ASSERT study, even the progres-
sion of subclinical AF (i.e. progression of subclinical AF to episodes
>24 h), was associated with a five-fold increase in the risk of HF hospitali-
zation suggesting that AF burden may also modulate outcomes in HF
patients.76

4.1.3 Heart failure as a factor modulating the outcome of

AF patients
Either HF and AF are related to adverse patient outcomes, in terms of
hospitalization rates, and increased overall mortality. Co-existing HF and
AF lead to even poorer outcomes and increased mortality than either
condition alone, as well as increased risk of stroke and TE.77,78

Nonetheless, among patients who present with both diseases implica-
tions on outcomes are not homogeneous, mainly in relation to temporal
sequence of onset and different HF subtypes (preserved vs. reduced
ejection fraction).77 In the Framingham study, patients with HF had
around a doubled risk of incident AF compared to patients free of HF,
even after adjustment for age and sex, with a slightly higher risk of devel-
oping AF in subjects with pre-existing HF compared to patients who de-
veloped HF along with time, before AF.70 The incidence rates of
mortality in AF patients were highest in participants who had HFrEF at
baseline, followed by those with previous HFpEF and lowest in those
without HF.70 As an independent prothrombotic condition, HF is en-
countered in most common risk scores (CHADS2, CHA2DS2-VASc,
ATRIA) for TE risk assessment in AF and carries an increasing yearly inci-
dence of stroke by 0.054% for each percentage point of ejection fraction
decrease (95% CI 0.013–0.096%).79 However, in patients with AF, no dif-
ferences between HFpEF and HFrEF had been observed in thromboem-
bolic risk.80

4.1.4 Translational implications
The frequent coexistence of HF and AF raises the question of which
comes first, and which pathways lead from a disease to the develop-
ment of the other (‘AF begets HF and vice versa’).70 The sharing of
common risk factors, such as age, hypertension, diabetes, ischaemic-,
and valvular heart diseases only partially explains this relation, since
each condition may directly promote the other. Chronically, HF
causes interstitial fibrosis and conduction abnormalities,81 promotes
increased atrial filling pressures with atrial dysfunction and local
remodelling, and sustains abnormal automaticity and triggered activ-
ity through neurohumoral and adrenergic activation,82 all these
mechanisms providing a favourable substrate for AF onset. In this sit-
uation, patients with first diagnosed HF should be regularly moni-
tored to detect AF. In case of first detected AF, a strategy of early
rhythm-control that includes AF ablation could be associated with
better outcomes and could be a good approach for slowing down the
vicious circle between HF and AF.83

4.2 Hypertrophy and hypertension
4.2.1 LV hypertrophy and hypertension as factors

facilitating AF onset
Hypertension is one of the most common cardiovascular disorders, cur-
rently affecting up to 50% of the global adult population.84 In population
studies, hypertension is an independent predictor for incident AF, carry-
ing an almost doubled risk in Framingham Heart Study and 1.4-fold in-
creased risk in Manitoba Follow-up Study.85,86 Due to its higher
prevalence, elevated blood pressure (BP) is the single risk factor ac-
counting for more AF cases than any other, explaining more than one-
fifth of all new AF cases in the ARIC (Atherosclerosis Risk in
Communities) study cohort87 and reaching an overall prevalence up to
90% among AF population of clinical trials. To date, BP is related to the
risk of incident AF by a U-shaped relation, in which the lowest risk for
new AF may be obtained through BP levels <130/80 mmHg in patients
under 80 compared to less severe thresholds in those aged >80.88 Being

Table 1 Indices of AF susceptibility based on AF burden
pattern and dynamic changes that could be considered for
improved patients’ characterization in the 4S-AF scheme

� New-onset AF burden

� Daily AF burden

� Monthly AF burden

� Increase in AF burden

� Decrease of AF burden up to zero burden

� AF burden aggregation (AF density)

� Subclinical AF clustering

� Evolution of subclinical AF to clinical AF (paroxysmal/persistent/

permanent)

� Clinical AF distribution in a specific period of time

� Clinical AF episodes clustering

AF, atrial fibrillation.
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..an end-product of the hypertensive state, left ventricular (LV) hypertro-
phy (LVH) has also been identified as a predictor of new AF in many reg-
istries.89 Although the prevalence of LVH in the hypertensive population
broadly varies among studies according to different diagnostic criteria
adopted, AF prevalence seems to be higher in patients with more severe
ventricular remodelling (especially in the case of concentric and eccen-
tric hypertrophy).90 LVH detected by ECG criteria predicts AF indepen-
dently of LV mass assessed by echocardiography or magnetic
resonance.91 Moreover, the presence and severity of LVH, assessed by
Cornell product, predicted the new-onset of AF in the Losartan
Intervention For End Point Reduction in Hypertension (LIFE) study (HR
1.01, 95% CI 1.00–1.02),92 while its regression was associated with a de-
creased risk of incident AF (for every 1 standard deviation lower Cornell
product, adjusted HR 0.88; 95% CI 0.80–0.97).93

4.2.2 LV hypertrophy, hypertension, and AF burden
Among recently diagnosed AF patients included in the RecordAF cohort,
hypertension carried a 1.5-fold increased risk of AF progression after a
1-year follow-up (OR 1.5, 95% CI 1.1–2.0), and accounted for even
greater risk in the subgroup selected for a rhythm-control strategy (OR
1.8, 95% CI 1.2–2.7).94 The higher progression rate observed among

hypertensive patients could be mainly explained by the presence of LVH,
which conferred an almost five-fold increased risk of AF progression
among the 799 patients from the Euro Heart Survey after 1-year follow-
up (OR 4.84, 95% CI 1.70–13.78). However, the independent effect of
LVH on AF progression was found only among male patients, while in
hypertensive female subjects the progression rates in patients with and
without LVH were similar.95 Since previous studies have shown gender-
specific differences in LV remodelling and taking into account that men
have predominantly concentric hypertrophy, these findings may suggest
that the effect of LVH on AF progression is not homogeneous and may
be related to the type of hypertrophy, as well as other factors.96

4.2.3 LV hypertrophy and hypertension as factors

modulating the outcome of AF patients
Hypertension is a major, independent risk factor for stroke, incremental
with coexisting AF. The close relation between BP and cerebrovascular
disease/stroke risk accounts for its relevance in common thromboem-
bolic risk scores (CHADS2, CHA2DS2VASc, ATRIA, ABC, Garfield).1

Mean systolic BP levels above 140 mmHg significantly increased the
thromboembolic events rates among the anticoagulated AF population
of the SPORTIF trials (HR 1.83, 95% CI 1.22–2.74).97 Similar data from

Figure 3 Atrial fibrillation time clock: the effect of a series of comorbidities affecting AF temporal pattern. AF, atrial fibrillation; AMI, acute myocardial
ischaemia; CAD, coronary artery disease.
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Table 2 Determinants of incident AF across large epidemiological population-based studies and impact on risk factors/
comorbidities

Study Population Study start date AF incidence Determinants of incident AF

Multi-Ethnic Study of

Atherosclerosis (MESA)S1–S8

>6000 patients

Aged >45 years

38% Whites,

28% Black race

Start in 2000 • Incident rate 5.2 per 1000

person-years

• Maximum LAVI: HR 1.38
• Hypertension: HR 2.6
• PAD: HR 1.5
• Sleep apnoea: HR 1.76
• CMR-derived LVM :HR 1.45
• CAC >300: HR 2.1

Rotterdam StudyS9,S10 >10 000 patients

Aged >55 years

Start in 1990 • Overall incidence 9.9/1000

person-years
• Lifetime risk 23.8% for men

aged 55 and 22.2% for

women aged 55 years

• Dementia: OR 2.3
• Cognitive impairment: OR 1.7

Framingham Heart StudyS11,S12 >5000 patients

Aged >55 years

Start in 1948 • Lifetime risk 25.9% for men

and 23.2% for women aged

50 years

• Diabetes: OR 1.4 for men and 1.6

for women
• LVH: OR 1.4 for men
• LVH: OR 1.6 for women
• Hypertension: OR 1.5 for men and

1.4 for women
• MI: OR 1.4 for men and 1.2 for

women
• HF: OR 4.5 for men and 5.9 for

women
• Valvular heart disease: OR 1.8 for

men
• Valvular heart disease: OR 3.4 for

women

The Atherosclerosis Risk in

Communities (ARIC) studyS13,S14

>15 000 patients

>45 years

27% Black race

Start in 1985 • Overall incidence 4/1000

person-years in White

women, 6.7/1000 person-

years in White men;

3/1000 person-years in

Black women, 3.9/1000

person-years in Black men

• Black race :HR 0.6
• Male sex: HR 1.92
• BMI (kg/m2) >_30: HR 1.78
• SBP >_160 mmHg: HR 2.63
• LVH: HR 2.73
• LA enlargement: HR 1.61
• Diabetes: HR 1.87
• CAD: HR 2.21
• HF: HR 3.03
• eGFR (mL/min/1.73 m2) HR 3.75 for

15–29 mL/min

Cardiovascular Health StudyS15–S17 >5000 patients

Aged >65 years

15.4% Black race

Start in 1988 • 19.2 per 1000 person-years

among adults >_65 years old

• BMI (kg/m2, per 5 units): HR 1.1 in

Whites, 1.31 in Blacks
• SBP (per 20 mmHg): HR 1.15 in

Whites and Blacks
• Hypertension: HR 1.55 in Blacks
• LVM/BSA (per SD): HR 1.21
• Diabetes: HR 1.56 in Whites
• Nt-proBNP (per log-pg/dL): HR 1.63

in Whites and 1.64 in Blacks
• LA dimension (per 0.5 cm): HR 1.26

in Whites and 1.29 in Blacks

Manitoba Follow-Up StudyS18 >3900 patients

Mean age 31 years

Start in 1948 • AF incidence 0.5/1000 per-

son-years <50 years; 16.9/

• MI: RR 3.62
• HF: RR 3.37
• Hypertension: RR 1.42

Continued
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..the ARISTOTLE trial population showed that high BP was associated
with an increased risk for stroke (HR 1.53, 95% CI 1.25–1.86)98 and in a
substudy from the ROCKET-AF trial, uncontrolled hypertension carried
an even higher stroke risk compared to controlled BP levels (HR 1.42,
95% CI 1.03–1.95).99 Hypertension has also an impact on microvascular
disease in patients with AF. Various types of brain lesions, such as white
matter lesions, have been observed in unselected cohorts of hyperten-
sive AF patients with important clinical implications (e.g. increased risk of
stroke, cognitive impairment and vascular dementia).100

4.2.4 Translational implications
The cornerstone of AF pathophysiology in both hypertension and LVH
is the extent of cardiac remodelling. Besides the epidemiological associa-
tions and well-established structural changes, the pathogenic pathways
leading from hypertension to AF are still not completely explored.101

Long-standing hypertension promotes haemodynamic changes leading
to increased LV thickness and stiffness, early impairment of LV diastolic
function and subsequent atrial dysfunction and progressive enlargement,
finally predisposing to AF.102 Histological changes of cardiac remodelling,
both in ventricular and atrial myocardium include alterations of extracel-
lular matrix, fibroblasts proliferation, and myocyte hypertrophy.103

4.3 Obesity and BMI
4.3.1 Obesity as a factor facilitating AF onset
Increasing body mass index (BMI) is an independent risk factor for AF oc-
currence.104 In a meta-analysis including 123 249 patients, the presence
of obesity was associated with an increased risk of AF (risk ratio 1.08).105

In a more recent meta-analysis, which investigated the relationship be-
tween continuous BMI and the risk for AF, the authors showed that an
increase in five BMI units was associated with a 28% increase in the rela-
tive risk of presenting AF with a non-linear relationship.106

4.3.2 Obesity and AF burden
Beyond being a risk factor for AF occurrence, increasing BMI has also
been found associated with a higher burden of AF.107 In a subgroup
analysis of the AFFIRM trial, being overweight and obesity were associ-
ated with a higher burden of AF in the rate control arm, and with an in-
creased use of cardioversion procedures in the rhythm control arm.107

In a longitudinal cohort study, BMI independently predicted progression
to permanent AF and both being overweight and obesity were indepen-
dently associated with progression to permanent AF.108

4.3.3 BMI as a factor modulating outcomes in AF patients
Several studies have investigated the relationship between obesity or be-
ing overweight and the occurrence of major adverse events in AF
patients.109,110 In the last few years, a phenomenon has emerged related
to clinical research in the field of obesity studies, the so-called ‘obesity
paradox’.111 The latter is related to obese patients having a lower risk of
short-term and long-term adverse outcomes.111 While the large major-
ity of studies deriving from randomized controlled trials (RCTs) sub-
group analyses have shown an independent association with a risk
reduction for stroke, cardiovascular death and all-cause death outcomes
for overweight and obese patients, most observational and population-
based cohort studies, in which the obesity paradox is hypothesized, have
reported controversial results.104 In a systematic review and meta-analy-
sis investigating the issue of the obesity paradox in AF patients,112 the
risk for adverse outcomes in overweight and obese patients with AF is
substantially similar to the risk of AF patients of normal weight.112 This
topic remains controversial since these conclusions are challenged by
other two meta-analyses, pooling together data derived from RCTs,
showing that patients with a higher BMI have a lower risk for stroke
occurrence.113

4.3.4 Translational implications
Several mechanisms have been suggested to explain the relationship be-
tween obesity and AF. Obese patients have been found to present a
number of modifications in physiology and morphology of the heart that
can directly cause occurrence of HF and AF.114 Furthermore, the pres-
ence of increased epicardial adipose tissue is able to induce a paracrine
pro-inflammatory status (with increased interleukin-1 beta and tumour
necrosis factor alpha) that, beyond the aforementioned cardiac struc-
tural changes, may lead to AF onset.115

4.4 Diabetes mellitus
4.4.1 Diabetes as a factor facilitating AF onset
Diabetes mellitus (DM) is an independent risk factor for the onset of
AF, as initially shown in the Framingham Heart Study.68 In a 38-year
follow-up, the study found that the development of AF was indepen-
dently associated with diabetes with an OR of 1.4 for men and 1.6 for
women. The ARIC study found that a diagnosis of DM, poor
glycaemic control in diabetic patients and HbA1c levels, the latter
both in diabetic and non-diabetic subjects, were independently
associated with an increased risk of AF.116 In a meta-analysis based
on seven prospective cohort studies and four case-control studies,
including more than 108 000 cases of AF, patients with DM had an
approximate 40% greater risk of AF compared to unaffected
patients (relative risk 1.39).117 However, additional investigations

..............................................................................................................................................................................................................................

Table 2 Continued

Study Population Study start date AF incidence Determinants of incident AF

1000 person-years

>85 years

• Obesity: RR 1.28
• Valvular heart disease: RR 3.15

AF, atrial fibrillation; BMI, body mass index; BSA, body surface area; CAC, coronary artery calcium; CAD, coronary artery disease; HF, heart failure; LA, left atrial; LAVI, left atrial
volume index; LVH, left ventricular hypertrophy; LVM, left ventricular mass; MI, myocardial infarction; PAD, peripheral artery disease; SBP, systolic blood pressure; SD, standard
deviation.
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Table 3 Impact of comorbidities on AF-associated outcomes, according to real-world registries on AF patients

Registry Study design Population Start date and

follow-up

Independent predictors of adverse outcomes

Mortality Other outcomes of interest

ORBIT-AF (I–II)S19–S26 Prospective multicentre na-

tionwide registries that

enrolled patients with in-

cident and prevalent AF

across the USA (>200

sites overall)

ORBIT AF I

10 137

ORBIT AF II

13 404

ORBIT AF I
• 2009
• 2 years

ORBIT AF II
• 2013
• 3 years

• SBP <_120 mmHg: HR 0.86
• Diabetes: HR 1.63 (patients

<70 years old)
• Diabetes: HR 1.25 (patients

>_70 years old)
• Obesity: HR 0.73
• Heart failure: HR 1.69

SBP (every 5 mmHg increase)

Stroke/SE/TIA: HR 1.05

Myocardial infarction: HR 1.05

Major bleeding: HR 1.03

Diabetes

SCD: HR 1.53

All-cause hospitalization: HR 1.15

Heart failure

Hospitalization: HR 1.31

Vascular disease

MACNE: HR 1.83

CV death: HR 2.16

MI: HR 3.50

OSA

MACNE: HR 1.16

Stroke/SE/TIA: HR 1.38

Bleeding hospitalization: HR 1.18

GARFIELD AFS27–S29 Observational, prospective,

multicentre study of

patients with newly

diagnosed AF and one or

more additional risk

factors for stroke from

35 countries worldwide

(excluding USA)

57 000 • 2009
• Minimum

2 years, up

to 7 years

• Diabetes: HR 1.27
• Hypertension: HR 0.86
• Heart failure: HR 1.86
• Vascular disease: HR 1.40
• CKD: HR 1.72

Stroke/SE

Diabetes: HR1.23

Heart failure: HR 1.33

Vascular disease: HR 1.35

CKD: HR 1.62

Major bleeding

Vascular disease: HR 1.39

CKD: HR 1.74

ARAPACISS30–S33 National, multicentre, ob-

servational, prospective

study enrolling AF out-

or in-patients, from 136

centres

2027 • 2010
• 3 years

• Heart failure: HR 2.02
• Vascular disease: HR 1.41
• COPD: HR 2.16

MACE

Heart failure: HR 1.56

Vascular disease: HR 1.97

COPD: HR 1.77

CKD: HR 2.2

CAD: HR 2.07

ESC-EORP AF

General PilotS34–S40

Prospective, multicentre,

observational registry

held in 9 ESC countries,

enrolling consecutive AF

patients in 67 cardiology

practices

3119 • 2012
• 3 years

• Heart failure: OR 2.09
• Diabetes: OR 1.63
• CKD: OR 1.97
• No physical activity: OR 2.18

Composite outcomea

Heart failure: OR 2.18

Diabetes: OR 1.67

CKD: OR 2.35

No physical activity: OR 2.71

ESC-EORP AF

Long-TermS41,S42

Prospective, multicentre,

observational registry

held in 27 ESC countries,

enrolling consecutive AF

patients in 250 cardiology

practices

11 906 • 2013
• 2 years

• Heart failure: HR 2.17
• Any cardiomyopathy: HR 1.74
• PAD: HR 1.36
• CKD: HR 1.78

Any TE/ACS/CV death

Heart failure: HR 1.79

Diabetes: HR 1.22

PAD: HR 1.29

CKD: HR 1.54

CAD: HR 1.32

ACS, acute coronary syndrome; AF, atrial fibrillation; ARAPACIS, Atrial fibrillation Registry for ABI Prevalence Assessment-Collaborative Italian Study; CKD, chronic kidney disease;
CV, cardiovascular; COPD, Chronic obstructive pulmonary disease; ESC, European Society of Cardiology; EORP AF, EURObservational Research Programme on Atrial Fibrillation;
GARFIELD-AF, Global Anticoagulant Registry in the FIELD e Atrial Fibrillation; GLORIA-AF, Global Registry on Long-Term Oral Antithrombotic Treatment in Patients with Atrial
Fibrillation; HR, hazard ratio; MACE, Major adverse cardiovascular events; MACNE, major adverse cardiac and neurologic event; MI, myocardial infarction; OR, odds ratio; ORBIT-
AF, Outcomes Registry for Better Informed Treatment of Atrial Fibrillation II; OSA, obstructive sleep apnea; PAD, peripheral artery disease; SBP, systolic blood pressure; SCD, sud-
den cardiac death; SE, systemic embolism; TIA, transient ischaemic attack.
aHR for the composite outcome of stroke/TIA/peripheral embolism/all-cause death.
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are probably needed, since in a recent population study, with a
12.6-year median follow-up, the association between diabetes and
the population attributable risk of incident AF was not confirmed, for
both sexes.118

4.4.2 Diabetes and AF burden
Patients with diabetes have a higher burden of AF since they present
more frequently with permanent AF, as observed both in the EORP-AF
registry119 and the ORBIT AF registry.120

4.4.3 Diabetes as a factor modulating the outcome of AF
patients
In real-world registries up to 20% of AF patients have DM.119 Diabetes is
a known risk factor for TE and stroke events in patients with AF, associ-
ated with a 70% relative increase in risk of stroke.121 In patients aged less
than 70 years old enrolled in the ORBIT AF Registry,120 diabetes was as-
sociated with a 63% increase in total mortality at a 2-year follow-up, and
with a 120% increase in cardiovascular mortality. Patients with AF and di-
abetes also had a higher incidence of sudden cardiac death, hospitaliza-
tions, and cardiovascular hospitalizations.120

4.4.4 Translational implications
Several possible pathways may be involved in conditioning a milieu
favouring AF onset, through an effect on action potential duration of
myocytes and associated electrical and structural remodelling.122

The role of hyperglycaemia associated with DM and insulin resistance,
which is usually related also to hypertension and obesity, has been
assessed in experimental studies. However, nowadays, the use of contin-
uous glucose monitoring systems may offer detailed information on the
accuracy and variability in glycaemic control in diabetic patients and may
allow us to investigate the interaction between AF and glucose fluctua-
tions.123 This can lead to specific therapeutic interventions targeted to
prevent AF and reduce its burden in diabetic patients.

4.5 Chronic kidney disease
4.5.1 CKD as a factor facilitating AF onset
AF and chronic kidney disease (CKD) have a bi-directional link and the
presence of CKD increases the risk of incident AF, while the presence of
AF is associated with the progression of CKD.124 In the Chronic Renal
Insufficiency Cohort (CRIC) study, individuals with estimated glomerular
filtration rate (eGFR) <45 mL/min/1.73 m2 had a higher prevalence of AF
compared with participants with eGFR >_45 mL/min/1.73 m2 (20.4% vs.
16.0%; P = 0.001).125 Of note, clinical factors known to be predictors of
AF in the general population (such as race/ethnicity, hypertension, diabe-
tes, BMI, physical activity, total cholesterol, and alcohol intake) were not
significantly associated with AF in CKD patients.125 These findings high-
light the unique pathophysiological link between AF and CKD, suggesting
that AF risk prediction models developed in the general population may
not be sufficiently valid in CKD cohorts. In a large population-based co-
hort study conducted in Sweden, enrolling 116 184 individuals with
CKD, an eGFR <30 was associated with a 1.6-fold increased risk of inci-
dent AF.126 Similarly, a prospective community-based observational co-
hort study including 235 818 subjects based upon a voluntary annual
health check-up program in Japan, found that the risk of incident AF was
higher with decreasing GFR.127

4.5.2 CKD and AF burden
In observational studies, AF patients show a completely different pattern
of AF types comparing patients with different degrees of altered renal
function, with a lower prevalence of paroxysmal AF and a higher preva-
lence of permanent AF with eGFR below 50 or, even greater, with eGFR
below 30 mL/min/1.73 m2.128 A recent meta-analysis found that CKD
patients presented more AF recurrences 30 days after electrical

......................................................................................................

Table 4 Potential key mechanisms and pathophysiological
alterations related to specific risk factors and comorbid-
ities conditioning susceptibility to AF, evolution of the AF
burden and progression from paroxysmal to permanent
AF65–67

Risk factor or comorbidity Potential mechanisms and

pathophysiological alterations

Heart failure • Atrial structural remodelling
• Abnormal calcium handling
• Proinflammatory activation
• Abnormal neurohumoral and

adrenergic activation

Hypertension and LV

hypertrophy

• Atrial structural remodelling
• Impaired left diastolic function
• RAAS activation
• Conduction slowing

Obesity • Atrial structural remodelling
• Impaired left diastolic function
• Increased epicardial adipose tissue

Diabetes mellitus • Atrial structural remodelling
• Autonomic nervous system imbalance
• Inflammation and oxidative stress
• Insulin resistance

Chronic kidney disease • Atrial structural remodelling
• Inflammation and oxidative stress
• RAAS activation
• Changes in calcium and phosphate

metabolism

Acute MI and coronary artery

disease

• Conduction slowing, block
• Atrial structural remodelling
• Abnormal calcium handling
• Left ventricular dysfunction
• Altered autonomic activity
• Inflammation and oxidative stress

Peripheral artery disease • Atrial structural remodelling
• Inflammation and oxidative stress
• Endothelial damage/dysfunction

Obstructive sleep apnoea • Atrial structural remodelling
• Conduction slowing
• Sympathetic activity induced by

hypoxia
• Autonomic nervous system imbalance
• Fluctuation of intrathoracic pressure

(left atrial overload)
• Inflammation and oxidative stress

LV, left ventricular; MI, myocardial infarction; RAAS, renin–angiotensin–aldoste-
rone system.
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.
cardioversion (OR 2.62, 95% CI 1.28–5.34) and a higher incidence of
AF recurrences at long-term after catheter ablation (HR 1.69, 95%
CI 1.22–2.33).129

These findings may suggest an association between AF burden and
more advanced CKD, but the interpretation of this relationship in a
cause–effect rapport is unclear given the presence of other comorbid-
ities, such as hypertension.128,130

4.5.3 CKD as a factor modulating the outcome of AF

patients
Overall, AF patients with CKD have a significantly higher risk of adverse
outcomes, including all-cause mortality, compared to those without
CKD.128,131 Independently of AF, CKD is a pro-thrombotic and pro-hae-
morrhagic condition and it is not surprising that AF patients with con-
comitant CKD are at a high risk of stroke, TE and major bleeding.130 As
highlighted in the meta-analysis by Providência et al.,131 the presence of
CKD in patients with AF is associated with an almost 50% increase in
thromboembolic risk (HR 1.46, 95% CI 1.20–1.76) especially with end-
stage CKD (HR 1.83, 95% CI 1.56–2.14). Despite the essential evaluation
of renal function in AF patients, as CKD is associated with a poor overall
prognosis in terms of TE events and all-cause mortality, the addition of
renal impairment to the CHADS2 or CHA2DS2VASc seems to not im-
prove the predictive value of these scores.124,132 Indeed, since renal im-
pairment is associated with all stroke risk factors listed within the
CHADS2 and CHA2DS2VASc, it does not have an independent additive
predictive value.133

Renal impairment also increases the risk of bleeding. Several patho-
physiological mechanisms have been proposed such as haemostatic
defects, platelet dysfunction and altered platelet-vessel wall-interaction
etc.124,130

4.5.4 Translational implications
Several mechanisms have been proposed to account for why AF is more
common in CKD patients.130 CKD is associated with many arrhythmo-
genic substrates, which can result in the development of AF.124 Patients
with advanced stage of CKD usually have a higher burden of AF due to
different potential mechanisms, such as activation of the renin–angioten-
sin–aldosterone system (RAAS), atrial remodelling, elevated levels of in-
flammatory markers, augmented sympathetic tone, and many other
factors which are not yet completely elucidated.130 The activation of the
RAAS seems to be one of the most important links between AF and
CKD.130 RAAS activation indeed increases the production of reactive
oxygen species and is involved in several processes such as the up-regu-
lation of cytokines, profibrotic growth factors, extracellular matrix pro-
teins which can promote atrial fibrosis and structural remodelling.130,134

Among these elements, transforming growth factor-b1 (TGFb1) has a
central role in fibrogenesis and is one of the key elements of atrial struc-
tural remodelling. However, the exact mechanisms involved in the devel-
opment of atrial fibrosis are unknown. A recent study investigated the
potential pathogenesis of AF in a rat model finding that CKD (experi-
mentally produced by nephrectomy) led to LA enlargement, increased
the vulnerability to AF with abnormal P-waves.135 The authors interest-
ingly found that the marked up-regulation of the TGFb1 pathway in
CKD rats produced severe interstitial fibrosis by a massive extracellular
matrix deposition of collagen type I and a-smooth muscle actin.135

Moreover, oxidative stress may be involved in the pathogenesis of LA fi-
brosis and enhanced AF vulnerability in experimental models of CKD.136

4.6 Acute myocardial ischaemia and
coronary artery disease
4.6.1 Ischaemia as a factor facilitating AF onset
While the prevalence of AF among coronary artery disease (CAD) pop-
ulations seems relatively low, ranging between 0.2% and 5%, the preva-
lence of CAD among AF patients is significantly high (between 13% and
46%).137 Notably, both diseases are promoted by inflammation and
share many risk factors: hypertension, DM, sleep apnoea, obesity, and
smoking.138 Despite many authors reported an association between ath-
erosclerosis and AF, we have limited data confirming this hypothesis in
prospective cohorts of patients without clinical manifestations of AF or
CAD.139 Two large registries show a close relationship between CT
assessed calcium score and later occurrence of AF, while an analysis
from the Danish registry evidenced a correlation with baseline calcium
score (area under the curve 0.68) especially for values >_1000.140 In the
setting of acute coronary syndromes, acute myocardial infarction (MI) is
an established risk factor for AF development, occurring in 6–21% of the
patients141 with similar occurrence in the pre-thrombolytic and post-
thrombolytic era142,143 and mainly associated with patients’ characteris-
tics (e.g. age, comorbidities) and presence/severity of LV dysfunction.141

Improvements in clinical outcomes of MI in the recent era have positively
affected post-MI incidence of AF.144

4.6.2 Ischaemic heart disease and AF burden
Even if AF during acute MI may appear to be a transient AF, long-term
follow-up data show an important rate of AF recurrence.145 These data
suggest that acute AF may indeed result from a complex interaction be-
tween ischaemia, as a precipitating event, and an underlying substrate
favouring AF. In the RACE V study, evaluating temporal patterns and
short-term progression of paroxysmal AF, patients with long AF epi-
sodes (>12 h) were more frequently affected by CAD and HF, and
patients with higher AF burden (>2.5%) were older and had a higher cal-
cium score supporting an association between CAD and AF temporal
profile.30

4.6.3 Ischaemic heart disease as a factor modulating the

outcome of AF patients
The presence of vascular disease (V) is included in the CHA2DS2-VASc
score, defined as previous MI, peripheral arterial disease (PAD), or com-
plex aortic plaque.146 A recent analysis including all patients undergoing
coronary angiography registered in the Western Denmark Heart
Registry, evidenced that the presence of significant CAD (defined as ob-
structive coronary stenosis in at least one coronary vessel, or non-ob-
structive coronary stenoses in >_2 coronary vessels), but not the number
of diseased vessels, was associated with increased risk of the combined
endpoint of ischaemic stroke/TIA and systemic embolism.147 CAD per se
is associated with an increased risk of stroke and other cardiovascular
events also in patients without AF.148 In a sub-analysis of the GARFIELD
registry149 history of acute coronary syndromes was associated with
worse 2-year outcomes, including stroke and mortality, coupled with un-
der-treatment with OACs and wider use of antiplatelet agents. Major
bleeding was also more common.

4.6.4 Translational implications
Several mechanisms have been advocated in the promotion of AF by
ischaemic heart disease. The easiest conclusion is that the presence of
shared similar risk factors and the increased prevalence with age, indeed,
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the concomitant occurrence of CAD and AF is only driven by modest
statistical associations. However, there are several experimental studies
demonstrating this association. Acute atrial ischaemia creates a substrate
for AF maintenance within several hours, leading to decreased conduc-
tion velocity and increased conduction heterogeneity and shortening of
atrial effective refractory period.150,151 On the other hand, a higher AF
burden could potentially promote intermittent atrial and ventricular is-
chaemia favouring AF progression. Future studies implementing long-
term AF monitoring in specifically designed experimental models could
provide new insights on this topic.

4.6 Peripheral arterial disease
4.6.1 PAD as a factor facilitating AF onset
PAD, is one of the main manifestations of systemic atherosclerosis with
an increasing prevalence and incidence.152 Evaluation of Ankle-Brachial
Index (ABI) represents the main tool for primary PAD diagnosis,153 with
an ABI <_0.90 being diagnostic for the presence of PAD. Beyond sharing
similar epidemiology and risk factors, PAD and AF are closely related.154

Several studies reported that patients with PAD showed an increasing
risk for developing AF, with approximately a 30% increase in risk for
PAD vs. non-PAD subjects.154,155

4.6.2 PAD and AF burden
There are no studies reporting specific data on the relationship between
PAD and differential AF burden. In a study reporting data about asymp-
tomatic PAD in AF patients, an intima-media thickness higher than
0.90 mm, indicating subclinical atherosclerosis, was found more fre-
quently associated with persistent/permanent AF, rather than with par-
oxysmal AF.156

4.6.3 PAD as a factor modulating occurrence of outcomes

in AF patients
The presence of symptomatic PAD is clearly recognized as a major risk
factor for stroke in AF patients, also being part of CHA2DS2-VASc
score.5 Furthermore, PAD was found associated with an increasing risk
for several major adverse events in AF patients.155 In particular, AF
patients with symptomatic PAD showed an increased risk for cardiovas-
cular and all-cause death.155,157 Even the presence of asymptomatic PAD
was found associated with an increased risk of adverse events with an
ABI <_0.90 associated with the occurrence of vascular events, MI, and
vascular death.

4.6.4 Translational implications
The relation between PAD and AF, particularly the inverse association
between ABI and incident AF, underlines a significant possible patho-
physiological process. If the occurrence of PAD is due to the presence of
multiple risk factors leading to atherosclerosis, we can consider that the
presence of atherosclerosis, together with the persistence of risk factors,
can perpetuate the inflammatory burden and the endothelial function
impairment which can ultimately bring to the occurrence of AF.154,158

4.7 Obstructive sleep apnoea
Despite an average prevalence of 10% among middle-aged and older
subjects (ranging between 3% and 5% in females and 10–17% in males),
up to 24 million adults in the USA remain undiagnosed.159

4.7.1 OSA as a factor facilitating AF onset
The strong association between AF and obstructive sleep apnoea (OSA)
has been initially shown by the Sleep Heart Health Study (SHHS) trial, a
multicentre prospective study on 6441 participants aged >_40 years.160

The authors showed a prevalence of AF of 4.8% among patients with
sleep-disordered breathing vs. 0.9% in the remaining cohort
(P = 0.003).160 The severity of OSA was associated with a parallel in-
crease in AF risk160 and a temporal association between apnoeic events
and AF recurrences has been reported.161 The results by the SHHS
study160 was in line with previous findings reported by Hoffstein and
Mateika162 among 458 patients undergoing polysomnography showing
that patients with an apnoea/hypopnea index (AHI) of >_10/h had an AF
prevalence rate of 58% compared with 42% in those with an AHI of
<_10/h (P < 0.0001), and the frequency of AF was even higher (70%) in
patients with severe OSA (AHI >_40/h). Beyond the risk of AF, OSA has
been associated with an increased risk of stroke, but data from a US pop-
ulation-based case-control study showed that patients with OSA who
experienced a stroke had a significantly higher rate of AF.163

4.7.2 OSA and AF burden
Despite the abundance of evidence on the role of OSA in the promotion
of AF, we are currently lacking rigorous studies on the effect of OSA on
AF progression, while the available data seem discordant. Non-random-
ized studies have shown an association of OSA with an increase in AF
relapses during antiarrhythmic therapy and after electrical cardioversion
or radiofrequency catheter ablation.164 Moreover, there is a positive ef-
fect of continuous positive airway pressure (CPAP) on maintenance of
sinus rhythm in general and considering specific interventions.164,165

For example, Full et al.166 recently reported a prospective observa-
tional community-based study on 2306 adults aged 45–64 years assessed
for daytime sleepiness and occurrence/burden of AF and other arrhyth-
mias, by a continuous 14 days patch-driven monitoring. Excessive day-
time sleepiness self-reported by the patients was not associated with
objective measures of arrhythmia burden.166 The reasons for these dis-
crepancies can derive from the difficulty in obtaining correct identifica-
tion of OSA and other sleep disorders in AF patients, and the issues
associated with the compliance with CPAP. For these reasons, this topic
still deserves the development of properly designed study.

4.7.3 OSA as a factor modulating the outcome of AF
patients
OSA and AF are, independently from each other, predictors of worse
outcomes (e.g. mortality, stroke and hospitalization) in the general popu-
lation and among several subgroups of patients with cardiovascular dis-
ease. The available data evidence that the clinical risk profile of AF
patients with vs. without OSA is worse.167,168 However, the main impact
of OSA on AF patients is related to an increased risk of stroke, especially
for otherwise low-risk patients and not in terms of mortality or HF
events.168,169 If this phenomenon derives from an additive effect, inde-
pendently increasing these events, or an effect mediated by potentiation
of AF deserves additional research.

Notably, the results of the Sleep Apnea Cardiovascular Endpoints
(SAVE) study failed to show positive effect of CPAP on the reduction in
the composite endpoint of death from any cardiovascular cause, MI (in-
cluding silent MI), stroke, or hospitalization for HF, acute coronary syn-
drome (including unstable angina), or TIA170 reducing the causative
relationship between OSA and AF outcomes at least in patients with
established cardiovascular disease.
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4.7.4 Translational implications
Beyond the number of risk factors and comorbidities shared between
AF and OSA, that can explain their association in many subjects (e.g.
driven by obesity) there are many potential mechanisms by which OSA
might contribute to promote AF: (i) intermittent hypoxia, (ii) recurrent
arousals, (iii) increased negative intrathoracic pressure all inducing an in-
creased sympathetic activity, oxidative stress, endothelial dysfunction,
electrical/mechanical remodelling of both atria induced by pre/post-load
modifications.171 Beyond these explanations, other theories have been
recently formulated, like the effects of OSA on the expression of cardiac
connexins,172 promotion of inflammation and metabolic syndrome.171

5. AF, multimorbidity and frailty:
related scores, clinical implications,
and translational perspectives

The increasing prevalence of AF with age obviously faces off against older
people affected by multiple comorbidities. Comorbid conditions can be
measured using specific scores, such as Charlson Comorbidity Index
(CCI)173 and Elixhauser’s Comorbidity Measure (ECM)174 that give an
estimate of the overall burden of comorbidities.

5.1 Charlson comorbidity index and AF
The relationship between CCI and AF is not fully elucidated, but since
several comorbidities included in CCI may independently promote AF, it
is logical to expect that CCI is higher in patients with AF vs. non-AF. This
association was confirmed in a large study analysing administrative data
where a higher CCI was found in patients with AF vs. patients without
AF (1.8 ± 2.1 vs. 0.2 ± 0.9; P < 0.001).175 Moreover CCI progressively in-
creased over time in patients with and without AF, but in patients with
AF was steadily higher compared to those without AF (P < 0.001).175

Notably, AF patients with higher CCI (>_4) had also higher all-cause mor-
tality, stroke and major bleeding (log-rank P < 0.001 for each out-
come).175 Considering CCI as a continuous variable, any increasing point
of CCI was significantly associated with risk of stroke (HR 1.04 95% CI
1.03–1.06), major bleeding (HR 1.03, 95% CI 1.01–1.06) and all-cause
mortality (HR 1.10, 95% CI 1.09–1.11).175

5.2 Elixhauser’s comorbidity measure
and AF
ECM is an index of comorbidity proposed to evaluate outcome in hospi-
talized patients using analysis of administrative data taking into account
30 comorbidities (17 common of CCI plus other 13 not included in
CCI).174 Some differences have to be highlighted. ECM also includes psy-
chologic/psychiatric categories but does not consider dementia that is
crucial and frequently observed in patients with AF.176 Moreover, com-
pared to CCI, there are less data regarding the relationship between
ECM and AF. One recent study found that ECM, together with cognitive
impairment (Mini Mental State Exam adjusted for age and educational
status < 24) is an independent predictor of outcomes (all-cause mortal-
ity and a composite of mortality, TE and bleeding, new or worsening of
HF) in a cohort of patients with AF.177

5.3 Frailty and AF
Beyond the mere concept of multimorbidity, the paradigm of frailty cor-
responds to a more complex medical syndrome, of which multimorbid-
ity is only one dimension. Frailty is characterized by a reduced

physiologic reserve, which makes subjects more vulnerable to stres-
sors.178 In recent years, the concept of frailty has been investigated in re-
lation to cardiovascular diseases.179 Although there is wide variability
(from 4% to 75%), the prevalence of AF has been reported to be sub-
stantial in frail patients.180 Nevertheless, it is currently unclear if the pres-
ence of frailty can significantly affect AF management.181 Beyond the
impact on OAC use, several studies have reported that frail AF patients
have an increased risk for all-cause death, while it still unclear the impact
on stroke and bleeding risk.182 Observational data suggest that compli-
ance with the simple ABC pathway is associated with improved out-
comes in AF patients with high frailty risk, supporting the value of
integrated AF management also in frail subjects.183

Further data are still needed to fully elucidate the epidemiology and
impact of frailty in AF patients.

5.4 Translational implications
The diagnosis of comorbidities is traditionally based on a clinical ap-
proach, and scores for comorbidities are therefore based on diagnosed
diseases. Whether a clinical diagnosis of comorbid diseases could be
replaced by a set of biomarkers (including e.g. AF burden) is yet uncer-
tain but would enhance a more objective and quantifiable assessment of
comorbid diseases and related pathophysiological alterations. The set
would include hormones, metabolomics, proteomics, genomics and epi-
genetics among other dynamic markers of tissue injury.184 Once avail-
able, it can promote knowledge on the specific pathways of diseases and
enhance the selection of the most robust biomarkers, and certainly indi-
vidualize patient characterization. How AF burden would perform in this
context should be researched, but unfortunately current large biobanks
lack information on continuously monitored AF patients.185

6. Towards the future

In the future, there is a need for specific and updated pathways to em-
ploy risk factors as clinical tools for assessing AF susceptibility, in terms
of risk of incident AF, and also targeting initiatives for AF screen-
ing.13,40,186,187 Furthermore, for potential prediction of the transition
from a low to a high AF burden, as well as from paroxysmal to persistent
or permanent forms of AF. Definition of the specific role of comorbid-
ities and risk factors in modulating the complex pathophysiological pro-
cesses of AF, also in the perspective of potential ‘upstream therapies’
targeted to act on the factors involved in remodelling, still constitutes a
gap of knowledge.66 A detailed analysis of the pathophysiology of AF
according to experimental models is beyond the aim of this review, and
we refer to other sources.188 However, there are several translational
implications coming from basic science. For instance, micro-RNA, i.e.
small non-coding RNA regulating target genes, have an expression pro-
file that may change in response to pathological conditions and comor-
bidities and contribute to the atrial remodelling process.66 The
accumulation of clinical factors increases the susceptibility to AF, but the
specific markers for predicting AF onset and burden increase, according
to specific substrates (HF, CKD, OSAS, etc.) or risk factors (diabetes, hy-
pertension), have yet to be precisely identified.189 Knowledge of AF
mechanisms and susceptibility for well-defined patient subsets, defined
on the basis of traditional aetiologies or on the basis of clustering accord-
ing to analysis of large datasets, can be the basis for new approaches to
counteract AF susceptibility and progression at an individual level.189

The precise measurement of AF burden may allow for better patient
characterization with the possibility of intervention when critical
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thresholds of burden are attained. It is clear that risk factors and comor-
bidities have a complex interplay with genetic factors and several molec-
ular determinants of electrogenesis and remodelling, but the molecular
pathways involved in these processes are in the early stage of identifica-
tion.66,188 From this perspective, translational research has great poten-
tial for improving our knowledge and guiding the therapeutic approaches
to AF.188 Initiation and perpetuation of AF have been a matter of investi-
gation at the experimental level, but the factors associated with the tran-
sition from the stage of susceptibility to AF, with a limited AF burden, to
the stage of permanent AF are still the subject of investigation with the
potential for important translational implications. Our knowledge of the
dynamic changes in AF patterns in humans could benefit from the in-
creasing introduction of wearables and apps in practice and clinical re-
search, with the potential for analysis and interpretation of such data, as
well as the use of machine learning and artificial intelligence, in line with
the perspectives of an advanced use of digital health care.39 Wearables
and devices for remote monitoring have been traditionally proposed for
AF detection, and for detecting signals that can help predict worsening
cardiac function. A new perspective is to use these digital tools for
assessing the severity of AF burden and its temporal changes, in an at-
tempt to capture the dynamic aspects of AF susceptibility.40,190–192

Notably, such improved methods for data analysis are based on large
amounts of data derived from continuous monitoring of AF (through
wearables) and could be the basis for assessing how basic knowledge on
thrombogenesis and atrial remodelling have an impact on outcomes in
the clinical setting. This approach should include both translation from
basic science to the clinical setting as well as ‘backward translation’ from
clinical to basic science. In view of the complex relationships between
AF susceptibility, AF burden and AF evolution, the analysis of the rela-
tionships with cardiac substrate and comorbidities should be
approached in a multidimensional view, taking into account the complex-
ity of analysing cause and effect relationships, thus suggesting to explore
the use of approaches based on chaos theories, as already proposed for
complex adaptive systems.193 Attempts to improve knowledge and im-
prove event prediction could also benefit from new approaches targeted
to better weight the role of the multiple factors conditioning the out-
comes of AF patients and by better defining AF phenotypes through clus-
ter analysis.194
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