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Abstract
Regular physical activity remains a cornerstone of cardiovascular health; however, prolonged, high-volume endurance 
training may paradoxically increase the risk of atrial fibrillation (AF). While this association is well established in male 
population, sex-specific evidence in women is still limited, despite their rapidly growing participation in endurance sport. 
Epidemiological studies consistently demonstrate a J-shaped association between exercise exposure and AF relative risk in 
both sexes. Women appear to have a broader protective window, tolerating substantially higher exercise doses (estimated 
up to ~83 MET-h/week in cohort studies, equivalent to approximately 10–12 h of moderate-to-vigorous endurance training 
per week) before AF risk begins to rise, whereas men show a risk increase at lower exposure levels. At the extreme end 
of the spectrum, elite female endurance athletes may also experience elevated AF relative risk, confirming that the upper 
inflection of the J-curve applies to both sexes. Mechanistic evidence indicate that atrial structural remodelling occurs simi-
larly in men and women, yet sex hormones and autonomic tone appear to modulate arrhythmogenic vulnerability. Overall, 
current evidence supports sex-aware clinical counselling, promoting the cardiovascular benefits of endurance exercise in 
women while considering potential risk at very high training loads.
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of reducing morbidity and mortality and contributing to psy-
chophysical well-being. Moderate aerobic exercise confers 
a cardiovascular protective effect, also reducing the risk, 
burden, and severity of atrial fibrillation (AF) (Buckley et 
al. 2025). However, a prolonged, high volume of endurance 
training can paradoxically increase this risk (ESC n.d.; Van 
et al. 2024). Endurance athletes exposed to chronically high 
exercise volumes face a 3- to 8-fold higher risk of develop-
ing AF, with a prevalence reaching up to 15% among vet-
eran elite competitors (Molina et al. 2008; Grimsmo et al. 
2010).

For many years, this association between intense endur-
ance sport and AF has been well documented in male ath-
letes (Molina et al. 2008; Guasch and Mont 2015; Hoogsteen 
and Schep 2004) and evidence regarding women remains 
limited. Historically lower female participation and their 
underrepresentation in sports science research have con-
tributed to a substantial knowledge gap. Therefore, a key 
question for clinical practice is whether women experience 
the same training-induced adaptations, follow the same 
dose–response curve of exercise exposure, and should be 

Introduction

Regular physical activity is a cornerstone of cardiovascular 
health, as emphasized by the current European Society of 
Cardiology (ESC) guidelines (Visseren et al. 2021), capable 
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counselled using the same exercise prescription thresholds 
as men. Understanding these sex-specific aspects is essen-
tial to optimize clinical decision-making and to prevent AF 
without undermining the clear health benefits of exercise.

Epidemiological insights

Atrial fibrillation is the most common sustained arrhythmia 
worldwide, associated with significant morbidity, mortality, 
and healthcare costs (Joglar et al. 2023). Although women 
have a lower age-adjusted incidence and prevalence of AF 
compared to men, their longer life expectancy results in a 
similar overall burden (Ko et al. 2016). Moreover, women 
with AF experience more severe complications, with a 
higher risk of thromboembolism (Cove et al. 2013), a poorer 
quality of life, and a worse overall prognosis (Zylla et al. 
2016).

Physical inactivity is a well-recognized risk factor for AF 
(Van et al. 2024; Christophersen and Ellinor 2016; Kannel 
et al. 1998), but surprisingly, physical activity acts as both 
a protective and a risk factor, describing a peculiar J-shaped 
curve (Newman et al. 2021; Stergiou and Duncan 2018). AF 
is the most prevalent arrhythmia among athletes (Newman 

et al. 2021); exercise-induced AF is usually diagnosed in 
middle-aged patients with a long history of elevated vol-
umes of endurance sports (Molina et al. 2008; Grimsmo et 
al. 2010; Andersen et al. 2013; Guasch and Mont 2017).

The ESC guidelines (Visseren et al. 2021) recommend 
at least 150–300 min per week of moderate-intensity aero-
bic physical activity or 75–150 min of vigorous intensity to 
reduce cardiovascular events, but no recommendation exists 
for an upper limit, especially regarding the total volume of 
the exercise.

Sex is increasingly recognized as a factor influencing the 
clinical features and mechanisms of AF, yet women, espe-
cially athletes, remain underrepresented in the scientific lit-
erature (Ose et al. 2025; Hunter et al. 2024). Most studies 
include up to 90% men, leaving a significant data gap on AF 
risk in female athletes (Stergiou and Duncan 2018; Wilhelm 
et al. 2011).

Female participation in endurance sports has increased 
substantially in recent decades Fig. 1, reaching almost 50% 
of total race participants and full gender parity at the Paris 
2024 Olympic Games. However, representation progres-
sively decreases with increasing race distance, particu-
larly in ultra-endurance disciplines (27% at IRONMAN® 
Hawaii; <10% in Triple/Deca Iron) (Knechtle et al. 2023; 

Fig.  1  Illustrative timeline highlighting key milestones in women’s 
participation in endurance sports: From Alfonsina Strada in 1924 
“Giro d’Italia” to Kathrine Switzer as the first official marathon female 
participant in 1967, women have only recently gained access to endur-
ance competition. The inset depicts the characteristic J-shaped rela-

tionship between endurance exercise exposure and atrial fibrillation 
risk, a pattern now also observed among female athletes. Illustrative 
timeline depicting the historical progression of women’s participa-
tion in endurance sports, highlighting key milestones and increases in 
female involvement over time
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Lepers et al. 2013; Loosli et al. 2025; Rüst et al. 2014), con-
tributing to the persistent scarcity of sex-specific research in 
endurance sport.

Current studies on atrial fibrillation in 
female athletes

Emerging evidence suggests a complex, sex-specific inter-
action between exercise and AF risk. As early as 2016, a 
meta-analysis suggested a protective effect of physical 
activity in women, albeit with high heterogeneity among 
studies (Mohanty et al. 2016). Large-scale studies have 
helped clarify the shape of the dose–response curve. The 
Women’s Health Study (Everett et al. 2011), involving over 
34,000 women, showed that an exercise volume of approxi-
mately 7.5 MET-h/week (roughly equivalent to the mini-
mum recommended level of aerobic physical activity, e.g. 
~150 min/week of moderate-intensity exercise) was associ-
ated with a 14% lower risk of incident AF compared with 
less active women., supporting the protective effect at the 
lower end of the J-shaped curve Fig. 2. The Tromsø Study 
(Morseth et al. 2016), a prospective study with a sex-bal-
anced cohort, confirmed a J-shaped trend in both sexes but 
noted that while a small increase in AF risk was observed 
in very active women; it was not statistically significant, 
unlike in men who had a higher absolute risk at all activ-
ity levels. The most compelling evidence of a wider "safety 
margin" for women comes from the UK Biobank (Elliott et 

al. 2020) cohort study. Across more than 500,000 individu-
als, men showed an AF risk increase above approximately 
2500 MET-min/week (≈41.7 MET·h/week, correspond-
ing to approximately 5–7 h/week of moderate-to-vigorous 
endurance exercise at an average intensity of 6–8 METs), 
whereas in women the threshold was approximately twice 
as high (5000 MET-min/week, ≈83.3 MET·h/week, equiva-
lent to approximately 10–14 h/week at a comparable exer-
cise intensity).

Overall, these findings suggest that women can tolerate 
higher exercise doses before their AF risk increases, even 
beyond current guideline recommendations. However, it 
is important to note that exercise exposure is commonly 
expressed as MET-h or-min/week, an integrated measure 
of exercise dose that combines exercise intensity and dura-
tion. Although useful for standardizing comparisons across 
studies, it does not disentangle the relative contributions of 
exercise intensity, training volume, and other determinants 
of physiological training load. In fact, despite the utility of 
MET for comparing exercise dose, actual training loads 
in endurance disciplines vary enormously across sports, 
training intensity distribution and time of the season. For 
example, recreational or sub-elite marathon runners may 
accumulate an estimated 40–100 MET-h/week, committed 
cyclists or triathletes may exceed 100–150 MET-h/week 
during heavy training phases, and the training load of a 
world-class triathlete may reach up to an estimated 250–300 
MET h/week(Cejuela and Sellés-Pérez 2022; Falk Neto et 
al. 2021; Mujika 2017; Dasa et al. 2024).

Fig.  2  J-shaped curve of atrial fibrillation relative risk in male and 
female. Comparison between the j-shape curve of atrial fibrillation 
relative risk and training load in male and in female, showing a wider 
tolerance window in women. Sex-specific relationships between 
endurance training load and atrial fibrillation risk. A J-shaped curve 
compares male and female risk trajectories, showing a wider tolerance 
window in women. Icons depict endurance sports, and a conceptual 

triangle summarizes trigger, substrate, and modulating mechanisms. 
The exercise thresholds displayed in the figure are primarily based 
on the UK Biobank study by Elliott et al. Reported values originally 
expressed as MET-min/week were converted to MET-h/week (÷ 60) to 
ensure consistency with the units adopted throughout this review and 
to facilitate comparison across studies. Practical exercise equivalents 
are approximate and depend on exercise intensity
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Nevertheless, the upper end of this dose–response rela-
tionship also deserves consideration. A recent retrospec-
tive matched cohort study by Drca et al. (2023) compared 
top-level Swedish female endurance athletes with the gen-
eral population. The results confirmed the upper end of the 
J-shaped curve for women as well: elite female endurance 
athletes had a significantly increased risk of AF compared to 
controls. This crucial study demonstrates that while women 
may have a higher threshold, prolonged endurance training 
increases AF risk in this population too. Finally, a study by 
D’Ambrosio et al. (2025), provided an important mecha-
nistic insight, showing that male sex increased the odds of 
AF by 4-fold, independent of the presence of atrial ectopic 
triggers or fibrosis. This strongly suggests that the risk dif-
ference lies not so much in the structural substrate but in 
sex-specific biological modulating factors, as represented in 
Table 1.

Pathophysiology: underlying mechanism 
and sex differences

The mechanisms leading to AF in athletes are multifactorial, 
involving both mechanical and electrical atrial remodeling.

Accordingly, AF is thought to result from the interaction 
between three fundamental components: (i) an arrhythmo-
genic substrate (defined as the structural and electrophysi-
ological alterations that create a permissive environment 
for AF initiation and maintenance), (ii) triggering ectopic 
activity, and (iii) modulatory factors such as autonomic tone 
and sex hormones (that determine the susceptibility of the 
substrate to sustain the arrhythmia), Fig. 3.

Current evidence suggests that sex differences in these 
mechanisms lie more in the factors that modulate the 
arrhythmogenic substrate rather than in the substrate itself 
(Guasch and Mont 2017; D’Ambrosio et al. 2025) as repre-
sented in Table 2.

The arrhythmogenic substrate: structural 
remodeling and fibrosis

Harmonic atrial enlargement, proportional to ventricular 
remodeling, is a hallmark of the “athlete’s heart” (Vaziri et 
al. 1994) in both sexes (D’Ascenzi et al. 2014; Hsieh et al. 
2025). Women generally have lower baseline atrial volumes 
and wall thickness than men (McManus et al. 2010).Atrial 
dilation represents a chronic adaptation to endurance train-
ing, and is not, per se, associated with an increased risk of 
atrial fibrillation (Trivedi et al. 2020). Rather, it is the atrial 
contractile dysfunction, or atrial myopathy, resulting from 
repetitive wall stress that creates the substrate (Trivedi et al. 
2020). Indeed, the greater atrial fibroblast reactivity makes 
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the atria a susceptible chamber to haemodynamic overload 
(Burstein et al. 2008). In this context, preclinical mecha-
nistic studies in male Wistar rats have consistently demon-
strated atrial dilatation, collagen deposition, fibrosis, and 
increased arrhythmia inducibility following prolonged vig-
orous endurance training. (Benito et al. 2011; Alcarraz et al. 
2025). Prolonged exposure to endurance training has also 
been associated with a higher likelihood of late gadolinium 
enhancement on cardiac magnetic resonance (Wilson et 
al. 2011), with no sex differences observed (D’Ambrosio 
et al. 2025), suggesting the fibrotic substrate may develop 
similarly in both sexes. Systemic inflammation, another 
consequence of high-intensity exercise, is closely linked to 
myocardial fibrosis (Guo et al. 2012). A sustained systemic 
inflammatory state and elevated circulating cytokines are 
additional consequences of prolonged, high-intensity exer-
cise (Alcarraz et al. 2025; Weight et al. 1991; Bernecker 
et al. 2013; Müssigbrodt et al. 2017). One study (Stumpf 
et al. 2016) involving 25 professional football players 
reported both left atrial remodelling and sustained increases 
in cytokines (IL-6, TNF-α, IL-8), although the sex of the 

athletes was not specified. Similar cytokine elevations have 
also been observed specifically in female athletes (Zar et al. 
2016; Janikowska et al. 2020), while C-reactive (Khera et 
al. 2005) protein and fibroblast growth factor-23 (Mathew et 
al. 2014), have been found to be higher in women than men 
in general epidemiological studies. Notably, cytokine levels 
in women may also be influenced by the menstrual cycle 
(O’Brien et al. 2007).

Recent evidence from Yamaguchi et al. (Nakashima et 
al. 2026) also suggests that sex differences in the atrial sub-
strate may exist even before exercise-induced remodelling. 
Women exhibited lower atrial voltage on electroanatomical 
mapping than men, a finding that the authors hypothesized 
could be related to their inherently smaller atrial mass and 
cardiomyocyte size. Interestingly, despite these electro-
physiological differences, no significant sex differences 
were observed in histopathological parameters, including 
intercellular space, fibrosis, myofibrillar loss, myocardial 
nuclear density, cardiomyocyte size, or amyloid deposi-
tion, in patients with AF (Nakashima et al. 2026). Whether 
this sex-specific baseline atrial phenotype influences the 

Fig. 3  Conceptual representation of atrial fibrillation mechanisms in endurance athletes. The model integrates structural, electrophysiological, and 
hormonal factors contributing to sex-specific susceptibility
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adaptive response to long-term endurance exercise and the 
subsequent risk of AF remains unknown.

Sex-specific modulators: autonomic tone and 
hormones

If the structural substrate can be similar, the factors modu-
lating its electrophysiological properties appear to be the 
main drivers of the risk disparity (Herrera et al. 2025). 
Exercise may also influence arrhythmogenic modulators 
and the electrophysiological properties of the atria. Ath-
letes are particularly prone to vagally-dominant situations, 
which can reduce heart rate and the cardiac conduction, 
non-uniformly shorten the atrial refractory period and alter 
ionic channel-currents (Patterson et al. 2005; Oliveira et al. 
2011), overall facilitating arrhythmias and AF ((Skov et al. 
2016; Guasch et al. 2013)). Male endurance athletes showed 
a higher blood pressure (Wilhelm et al. 2011), more brady-
cardia, pauses and longer PR interval compared to female 
athletes (D’Ambrosio et al. 2025). Notably, the menstrual 
cycle can also influence the cardiac effects of the autonomic 
nervous system (Dart et al. 2002); during the luteal phase, 
a more pronounced bradycardia was observed compared to 
follicular phase (Yildirir et al. 2002).

Sex hormones represent the most obvious sex-specific 
modulator (Nakamura et al. 2007; Nakagawa et al. 2006). 
Estrogens have been shown to exert cardioprotective effects, 
modulating cardiac ion currents to prolong the atrial action 
potential duration, a potentially anti-arrhythmic effect (Liu 
et al. 1998; Drici et al. 1996; Buitrago et al. 2000). In ani-
mal models, estradiol has been shown to modulate potas-
sium currents and calcium fluxes, conferring protection 
against hypoxia-reoxygenation injury (Buitrago et al. 2000; 
Jovanovǐ et al. 2000). A rabbit model has also demonstrated 
sex-related differences in the electrophysiological character-
istics of the pulmonary veins and left atrium, with a higher 

susceptibility for trigger activity and automaticity in males 
(Tsai et al. 2011). Therefore, the potential role of female 
sex hormones as modulators of arrhythmias is intriguing; 
however, the direct involvement of both oestrogens and pro-
gesterone in the pathogenesis of atrial fibrillation remains 
largely unclear. Regarding the levels of testosterone, the 
current evidence is relatively sparse and inconclusive (Hu 
et al. 2022), suggesting it may rather represent a risk factor, 
particularly in older adults (Tran et al. 2024).

Moreover, although genetic predisposition may act as 
a risk-modifying factor, no specific genetic mutations, 
especially related to sex, have been consistently identified 
in athletes with AF to date (Ko et al. 2016). Eventually, 
ectopic triggers, such as premature atrial beats (PABs), are 
necessary to initiate the arrhythmia. Conversely, their prev-
alence does not appear to be higher in endurance athletes 
compared to sedentary individuals, and no sex differences 
in their overall burden have been observed. This further 
strengthens the hypothesis that the risk difference lies not 
in the trigger, but in the susceptibility of the atrial substrate, 
which is strongly influenced by the sex-specific hormonal 
and autonomic environment. Of note, the burden of PABs 
is not higher in endurance athletes compared to sedentary 
individuals, and it appears to depend more on age than on 
the intensity or volume of endurance exercise (Cipriani et 
al. 2020). Still, women seem to be more susceptible than 
men to uncommon-foci PABs, with female sex being the 
sole independent predictor of superior vena cava ectopy 
((Lee et al. 2005; Tai et al. 2000)).

Clinical implications and future directions

Women have historically been underrepresented in both 
endurance sports and sports science research, but recent 
trends indicate a positive shift toward sex inclusion (Hunter 

Table 3  Zones of relative risk for incident atrial fibrillation and exposure to training
Category MET-h/week Practical equivalent Clinical interpretation
Recommended physical activ-
ity in general population

7.5 MET -h/week* 150–300 min/week of moderate intensity 
or 75–150 min/week of vigorous intensity 
physical activity (Visseren et al. 2021)

Maximum cardiovascular pro-
tection, lowest AF risk

High-risk zone (men) > 41,7 MET h/week* ≈ 5–7 h/week of vigorous endurance 
training

Increased AF relative risk 
observed beyond this threshold

Extended low-risk range 
(women)

Up to 83.3 MET-h/week* ≈ 5–10 h/week of vigorous endurance 
training

Protective effect generally main-
tained; no significant AF relative 
risk increases documented

Potential high-risk zone 
(women)

> 83.3 MET h/week* >10–12 h/week of high-volume endur-
ance training (e.g., long-distance triathlon 
preparation)

Possible transition into the upper 
end of the J-curve; AF relative 
risk may rise at extreme volumes

MET metabolic equivalent of task, AF atrial fibrillation
*The exercise thresholds are primarily based on the UK Biobank (Elliott et al. 2020). MET-h/week values were obtained by converting MET-
min/week values reported in the original studies (÷ 60) to provide a uniform unit across studies. Practical equivalents are approximate and may 
vary according to exercise intensity, sport discipline and training characteristics



1 3

European Journal of Applied Physiology

et al. 2024; Devries and Jakobi 2021; Joyner et al. 2025). 
Current evidence supports a dose-dependent relationship 
between exercise and AF; while regular moderate physi-
cal activity is protective in both sexes and recommended 
by current cardiovascular guidelines (Visseren et al. 2021), 
women appear to tolerate higher cumulative exercise doses 
before AF risk increases. Nevertheless, at the highest levels 
of endurance training, elite female athletes also exhibit an 
increased risk of AF (Table 3 and Fig. 2).

Importantly, the increase in AF risk reported in the stud-
ies refers to a relative risk and not an absolute probability of 
developing the condition. The reason for the sex-disparity 
in AF risk seems to lie more in modulating factors acting 
on the arrhythmic substrate, such as autonomic tone and 
sex hormones, rather than in differences in the substrate 
itself or in ectopic triggers. Indeed, most available studies 
involve premenopausal women, leaving several key ques-
tions unanswered.

First, the hormonal profile of participants is often unre-
ported, despite the potentially significant role of estrogens. 
Future studies should include longitudinal designs that 
monitor female athletes across multiple menstrual cycles.

Second, it remains unclear whether high volumes of 
endurance training during the reproductive years have long-
term implications for AF risk after menopause, particularly 
considering that early-onset AF (< 50 years) is more preva-
lent in men (Kalstø et al. 2024). ), whereas women generally 
accumulate major cardiovascular risk factors and AF-related 
comorbidities later in life (Ko et al. 2016; Magnussen et al. 
2017) . Although this temporal difference may contribute to 
the longer period during which the cardioprotective effects 
of exercise are maintained in women, its interaction with 
lifelong endurance training remains unknown. Therefore, 
ageing should be considered when interpreting the relation-
ship between exercise exposure and AF risk, particularly in 
longitudinal studies spanning the menopausal transition, as 
outlined in Table  4. Finally, current exercise prescription 
guidelines are still largely based on evidence from male-
dominated cohorts.

Perspective

The paradoxical dose–response relationship between endur-
ance training load and cardiovascular health has largely 
been derived from male populations, leaving important gaps 
regarding sex-specific responses and real-world training 
exposure. This narrative review integrates evidence from 
exercise physiology, cardiovascular adaptation and epidemi-
ology to suggest that women engaged in endurance exercise 
exhibit a wider tolerance window to training loads before 
the relative risk of AF begins to rise. As sports cardiology 
moves toward more inclusive and stratified research designs 
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and a more sex-aware approach, individualised counselling 
that accounts for sex-specific physiological differences and 
risk profiles may help prevent AF without undermining the 
substantial cardiovascular and systemic benefits of physi-
cal activity. As represented in Fig.  4 a conceptual frame-
work positions ultra-endurance exercise as a translational 

model to investigate cardiovascular adaptations and mal-
adaptation, with relevance to atrial fibrillation in female 
athletes. It integrates multiple levels of influence, from 
biological mechanisms (e.g., cardiac remodelling, auto-
nomic imbalance, and inflammation) to applied contexts 
involving athletes, coaches, clinicians, and policymakers. 

Fig. 4  Conceptual framework illustrating the multi-level relevance of 
studying ultra-endurance exercise, with specific implications for atrial 
fibrillation risk and mechanisms in female athletes. Ultra-marathon set-
tings are presented as a physiological model to investigate the effects 
of prolonged exercise on cardiovascular function and remodeling. 
The figure highlights key stakeholders including scientists, coaches, 
athletes, practitioners, event personnel, policymakers, and the general 

public and their respective roles in translating evidence into practice. 
These perspectives collectively contribute to athlete development and 
performance, health promotion, safety optimization, and governance 
strategies. In the context of women in endurance sports, this frame-
work underscores the need to integrate sex-specific considerations into 
research, training, and clinical practice to better understand and miti-
gate atrial fibrillation risk
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The model emphasizes how prolonged exercise exposure 
may differentially affect women, highlighting the need for 
sex-specific approaches in both research and practice. By 
bridging mechanistic insights with real-world stakeholders, 
the framework underscores the importance of translating 
evidence into targeted strategies for performance optimiza-
tion, risk stratification, and prevention of atrial fibrillation in 
endurance-trained women.
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