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Abstract

Purpose Athlete’s heart encompasses multiple physiological cardiac adaptations, although less is known at atrial level.
How sex may influence the type and extent of atrial adaptations to exercise stimuli is also unknown. Our objective was to
compare gender differences of echocardiographic atrial function indices in response to exercise in endurance athletes (EAs).
Methods Highly trained (> 10 h/week) endurance athletes performed a maximal cardiopulmonary exercise test (CPET).
Echocardiographic evaluation was performed at rest and immediately after exercise. Atria analysis consisted of standard
and speckle-tracking echocardiographic assessment of atrial dimensions and contractile, reservoir, and conduit functions
with myocardial deformation.

Results 80 EAs (55% women) were enrolled and performed excellent CPET (129.6% of predicted VO, maximal consump-
tion). At rest, left atrial (LA) volumes and strain were similar between men and women. Women had lower right atrial (RA)
volumes (26.7 vs 32.9 ml/m?, p <0.001) and higher reservoir and conduit strain absolute values. After exercise, women
exhibited a larger improvement in reservoir and conduit LA strain, and the same trend was observed for the RA. In EAs
with LA dilatation on baseline (~50%), women persistently showed higher increase in reservoir and conduit strain profile
with exercise compared to men.

Conclusion In highly trained EAs, women have similar or even lower atrial dimensions remodelling compared to men,
but better function based on reservoir and conduit strain values both at rest and in response to exercise. This phenomenon
should be confirmed in larger studies and its potential role in the development of supraventricular arrhythmias, addressed
in a specifically designed protocol.
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involvement (Baggish et al. 2008; Pluim Babette et al. 2000).
In athletes engaged in endurance sports, biventricular dilata-
tion has been well described as a physiological adaptations
(Kovacs & Baggish, 2016). A similar adaptation at the atrial
level, namely bi-atrial dilatation, has been described (Cus-
pidi et al. 2019), although less is known about its underlying
determinants. Sex is a major determinant of classical cardiac
remodelling (left-ventricular hypertrophy and dilatation, and
right-ventricular dilatation) (Pelliccia and Adami 2017), but
its precise influence and impact on exercise-induced atrial
remodelling has not been eluded yet.

Multiple studies have addressed the relationship between
exercise and increased incidence of atrial fibrillation (AF).
Observational data have shown that athletes involved in
long-term endurance training appear at higher risk of AF
(Nielsen et al. 2013). The precise physiopathology remains
to be defined, but left atrial remodelling could be contribu-
tory (Estes & Madias, 2017). A dose-response relationship
between volume endurance exercise training and the inci-
dence of AF has been also demonstrated (Andersen et al.
2013; Wilhelm et al. 2011). This dose—response relationship
seems to be also true for the atrial adaptation to an acute
exercise. After a cross country race, a significant impair-
ment in right and left atrial performance was shown in
athletes completing a long-distance race, while no changes
were observed in athletes running the short distance race.
However, all the above-mentioned data come from studies in
which female athletes were systematically underrepresented
(Sanz-de la Garza et al. 2016).

On the other hand, the relationship between high-endur-
ance training loads and AF in women athletes appears dif-
ferent than in men athletes. In a recent meta-analysis inte-
grating data of more than 650 000 athletes from 22 studies
(Mohanty et al. 2016), prolonged high-intensity endurance
exercise involvement was a clear risk factor of AF in male
athletes, while it appeared to be protective for women ath-
letes. This further increases the interest on the precise influ-
ence of sex on exercise-induced atrial remodelling.

Therefore, the aim of our study was to comprehensively
evaluate atrial structural and functional parameters at rest
and after an exercise stimulus in a cohort of highly trained
endurance athletes of both sexes. We hypothesized that
female athletes would show a better atrial performance
profile in response to exercise and less pronounced atrial
remodelling than male athletes—in line with the difference
in AF incidence.
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Methods

Endurance athletes were enrolled between October 2015 and
October 2016 as part of a study aimed at evaluating sex-
related differences in cardiac adaptations both at rest and
stress (Sanz-de la Garza et al. 2016). Study participants were
volunteers answering to an advertisement in local triathlon
clubs. The exclusion criteria were significant history of car-
diovascular or lung diseases and family history of sudden
cardiac death or early cardiomyopathy.

All participants were highly trained—defined as more
than 10 h of training a week for at least 5 years at time of
recruitment. Training load was verified based on answers
provided on their International Physical Activity Question-
naire (IPAQ) (Ainsworth et al. 2011). All participants gave
verbal and written informed consent. This study was per-
formed in accordance with local ethic committee approval
and in respect with Helsinki declaration.

All participants underwent a medical survey, a resting
conventional 12-lead ECG, and a standard physical exami-
nation including anthropometric measurements performed
by a trained physician.

Exercise protocol

Subjects underwent an incremental cardiopulmonary exer-
cise testing to exhaustion on an up-right cycle ergometer
(Ergoselected 100, Ergoline, Bitz, Germany). Ramp proto-
col was calculated for each subject based on sex and age
(Hansen et al. 1984) with a pedalling frequency kept con-
stant between 60 and 80 rotations/minute. Gas composi-
tion and ventilation volume measurements were done using
breath-by-breath mode (Ergocard Professional, Medisoft,
Sorinnes, Belgium) ("ATS/ACCP Statement on cardio-
pulmonary exercise testing," 2003). Maximal oxygen con-
sumption was determined by an identifiable plateau of the
VO2-workload relationship at maximum exercise. Before
testing, the spirometer and gas analyser were calibrated fol-
lowing international standardisation. During exercise, sub-
jects were also monitored using a 12-lead electrocardiogram,
pulse oximetry and a non-invasive blood pressure monitor.

Baseline echocardiography

After at least 20 min of rest in pre-prandial condition, a
standard basal echocardiography on a commercially avail-
able system (Vivid Q; GE Medical; Milwaukee, USA) was
performed according to guidelines (Lang et al. 2015) and
included focused apical views of the atria. For each acqui-
sition, a three consecutive cardiac cycles’ cine loop was
recorded for offline analysis with commercially available
software EchoPac, version 202.41.0, Milwaukee, WI, USA).
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Left ventricle (LV) volumes and ejection fraction were
calculated using the biplane Simpson method. Right ven-
tricle (RV) size and function was evaluated from an api-
cal modified four-chamber view, tracing RV endocardium
borders in end-diastole and end-systole and calculating RV
fractional area change (Lang et al. 2015). RV and LV dias-
tolic function was assessed using respective atrioventricu-
lar valves’ Doppler inflow and tissue-Doppler values as per
guidelines (Nagueh et al. 2016). Cardiac chamber dimen-
sions were indexed for body surface area according to the
Dubois formula.

Exercise echocardiography

Image acquisition was repeated immediately after the peak
of exercise in a left-lateral decubitus position. Focus was put
on acquisition of apical views for longitudinal strain assess-
ment. Images acquired within 2 min of exercise termination
were kept for analysis.

Echocardiographic atrial evaluation

Atrial parameters’ measurements were performed offline
using the same software as for ventricular measurements
(EchoPac, version 202.41.0, Milwaukee, WI, USA). All
measurements were acquired at rest and after maximal
exercise when feasible in the same conditions as described
above for the standard echocardiographic measurements.
Atrial volumes (left and right) were measured using the four-
chamber view, tracing the endocardial borders and using the
modified Simpson method at end-systole, before the P wave
and end-diastole, of which were derived ejection fraction
calculations. Left (LA) and right atrial (RA) dilatation were
defined as per guidelines (LA dilatation: >34 ml/m? for both
sexes, RA dilatation: >27 ml/m? for women, > 32 ml/m? for
men) (Lang et al. 2015).

Atrial function was also assessed using atrial longitudi-
nal strain. Atrial strain was performed using the EchoPAC
left-ventricular software algorithm. Endocardial borders
were traced for both atria taking extra-caution to make sure
the atrial walls were well tracked through the whole cardiac
cycle, as assessed by the software algorithm and visually.
Cardiac cycle points of reference used were the onset of the
P wave to the next one (as opposed to QRS onset to next
QRS). Atrial strain (in %) and strain rate (in s~") values were
then transformed to the QRS-to-QRS points of reference as
recommended in guidelines (Badano et al. 2018).

Statistical analysis
Data are reported as mean with standard deviations or

median with interquartile range as appropriate using
the Shapiro—Wilk test for data normality distribution

assessment. Baseline and stress values for all athletes were
compared using the paired 7T test for normally distributed
and Mann—-Whitney U test for non-normally distributed
variables. Comparisons between men and women were
done using the unpaired T test or Wilcoxon rank sum test,
as appropriate. Pearson’s or Spearman’s correlations were
also calculated for continuous variables.

Impact of height on different atrial size and strain param-
eters was first assessed by linear regression. Height was then
transformed from a continuous variable to terciles. Subse-
quently, a two-way analysis of variance (ANOVA) was per-
formed to evaluate height and sex as potential covariables of
previously identified significant atrial parameters on linear
regression.

Intra and inter-observer reliability measurements were
measured using intra-class correlation on ten studies that
were re-measured by two different operators (FS, MSG).
Statistical significance was set at a p value <0.05. All analy-
sis were done on IBM SPSS Statistics version 25.0 (Chi-
cago, IL, USA, 2017).

Results

Baseline population characteristics and exercise
parameters

Eighty athletes (44 women, 55%) were enrolled in this study.
Both groups (women vs men) were of similar age and were
engaged in an equivalent amount of endurance training.
Male athletes had higher anthropometric measurements,
slower baseline heart rate, and higher systolic and diastolic
blood pressures compared to female athletes (Table 1).

Both groups exhibited, as expected, excellent cardio-
vascular fitness achieving 129.6% of their predicted VO,
maximal consumption and an adjusted to weight mean con-
sumption of 44.7L/min*kg~"'. There was also substantial and
equivalent heart rate and blood pressure increase in both
groups (Table 1). Heart rate at time of echocardiographic
images acquisition after exercise was similar in both groups
(90.2 vs 96.9 beats per minute, p > 0.05).

Baseline echocardiographic ventricular
measurements

On baseline studies, female athletes exhibited lower left
ventricle (LV) wall thickness, diameters, and volumes com-
pared to men (Table 1). Women also showed mildly higher
LV ejection fraction (56.0 vs 53.4%, p=0.008) and right-
ventricular fractional area change (47.3 vs 44.6%, p=0.005).
LV E and e’ septal waves' values were slightly increased in
women, but overall E/e’ ratio and other diastolic parameters
at rest were similar between both sexes (Table 1).
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Table 1 Study population Variables Men (36) Women (44) p value

baseline clinical and

echocardiographic Anthropometric

characteristics Age (years) 3646 3446 0.164
Height (m) 1.78 +0.06 1.64+0.06 <0.001
Weight (kg) 76+8 58+5 <0.001
Body mass index (kg/m?) 23.86 [22.64, 25.62] 21.34[19.90, 22.31] <0.001
Rest heart rate (bpm) 56.7+8.0 582+10.3 0.427
Rest SBP (mmHg) 117+12 110+ 14 0.020
Rest DBP (mmHg) 80+9 68+11 <0.001
Training
Training hours per week 13.3+3.1 12.1+4.1 0.238
Mets.hour.min 8400 [7200, 9560] 7140 [5070, 9210] 0.177
Years of training 13.0[10.0, 18.0] 11.5[6.0, 14.0] 0.268
Exercise performance
Predicted VO,max (%) 121.0 [113, 127] 128.0 [124, 145] 0.007
Adjusted VO,max (L/min*kg™") 47.0[43.0,51.5] 42.0 [37.0, 46.0] 0.001
Workload (watts) 323.0 [305.5, 345.5] 218.0 [198.0, 235.0] <0.001
Maximal heartrate (bpm) 171.2+9.2 171.1+9.5 0.965
% Maximal heart rate 97.0+0.8 97.0+0.9 0.981
Acquisition heartrate (bpm) 96.9+12.9 90.2+18.4 0.064
Exercise SBP (mmHg) 190 [169, 211] 172 [156, 190] 0.016
Exercise DBP (mmHg) 97 [87, 104] 84 [73, 98] 0.004
Echocardiographic parameters
Left ventricle
Interventricular septum (mm) 8.4+0.7 72+0.5 <0.001
Posterior wall (mm) 8.4+0.7 72+0.5 <0.001
End-diastolic diameter 51.5+43 46.6+3.2 <0.001
End-systolic diameter 343+3.1 30.5+2.9 <0.001
Indexed EDV (ml/m?) 73.3+10.5 63.3+10.1 <0.001
LVEF (%) 53.6+4.3 55.8+3.6 0.013
LV global longitudinal strain (%)* —-20.1+14 —-22.1+1.5 <0.001
Indexed CO (I/min/m?) 2.8[23,32] 2.502.1,2.7] 0.004
E wave (cm/s) 77.0 [72.5, 85.5] 89.0 [82.0, 95.0] 0.010
A wave (cm/s) 51.0 [44.5, 57.0] 49.0 [46.0, 54.0] 0.545
E/A 1.6+0.3 1.7+0.4 0.227
e' septal (cm/s) 10.1+1.2 10.6+1.0 0.044
E/e' septal (cm/s) 7.8[7.1,9.0] 7.9[7.2,9.0] 0.608
e’ lateral (cm/s) 12.7+1.5 13.0+1.1 0.417
E/e' lateral (cm/s) 6.5+1.1 6.7+14 0.476
Right ventricle
Indexed area (cm?) 13.3+1.9 124+2.1 0.073
Fractional area change (%) 44.6+4.1 47.2+4.2 0.007
Longitudinal strain (%) —234+23 —262+2.6 <0.001
E wave (cm/s) 57.0 [54.0, 64.5] 62.0 [54.0, 65.0] 0.688
A wave (cm/s) 35.0 [31.5, 42.0] 42.0[32.0, 38.0] 0.393
E/A 1.6[1.3,1.8] 1.7[1.6,1.9] 0.395
e' (cm/s) 10.5[9.9,11.2] 11.29.9, 12.3] 0.681
E/e' (cm/s) 55+1.0 5.6+1.0 0.801

Data expressed as mean =+ standard deviation or median [interquartile range]

SBP: systolic blood pressure; DBP: diastolic blood pressure; LA: left atrium; RA: right atrium; EDV: end-
diastolic volume; LVEF: left-ventricular ejection fraction; LV: Left ventricle; CO: cardiac output
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Fig. 1 LA strain values at rest and after exercise in A whole cohort and B athletes with dilated LA. LA: left atrium

Baseline atrial echocardiographic characteristics

At rest, indexed left atrial (LA) volume and left atrial strain
parameters were similar between female and male athletes,
while LA ejection fraction was slightly higher in women
(68.0 vs 64.0%, p=0.010) (Tables 2, 3 and Fig. 1A) as
compared to men. Right atrial (RA) indexed volumes were
significantly lower in women vs men (26.7 vs 32.9 ml/m?,
p<0.001) (Table 2). Female athletes also exhibited higher
RA function values as compared to male athletes at baseline
(Table 4 and Fig. 2A).

Atrial performance after exercise

As expected, exercise promoted a significant increase in
most LA functional parameters in both sexes. However,
the extent of this improvement was greater in female ath-
letes as compared to male athletes for both LA reservoir
and conduit strain. No significant changes in LA volume
were documented after exercise in neither of the two groups.
(Tables 2, 3).

As for the LA, the exercise stimulus induced a significant
improvement of all RA functional parameters. In female ath-
letes, the exercise-induced increase in RA reservoir and con-
duit strains showed a trend to be greater than in male athletes
(although not statistically significant), while no differences

between sexes were documented for the change in other RA
functional parameters or RA volume. (Table 4 and Fig. 2).

Nineteen (53%) male athletes and 22 (50%) female ath-
letes had dilated LA (Tables 2, 3 and Fig. 1B). Both female
and male athletes with a dilated LA tended to have worst LA
strain reservoir and conduit function compared to athletes
with normal LA size. However, when comparing female and
male athletes with dilated left atrium, women exhibited sig-
nificantly increased LA reservoir and conduit strain values
(Fig. 1B). Fewer athletes had RA dilatation: 11 athletes, 6
men (17%), and 5 women (11%). Male athletes from this
subgroup seemed to have a lower conduit function change
compared to women, albeit not reaching statistical differ-
ence (Fig. 2B).

Impact of height to atrial response with exercise was
explored because of its known relation with atrial dimension
(Levin et al. 2020). When adjusting atrial volumes and strain
values to height instead of body surface area, baseline atrial
volumes were different between men and women (Table 2).
Height was weakly correlated to the same strain parameters
that are different between men and women (percent change
in LA reservoir and conduit strain and baseline RA reservoir
and conduit strain). Using a two-way ANOVA and dividing
athletes in terciles based on their height, the relationship
between height and these atrial strain parameters was not
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Fig.2 RA strain values at rest and after exercise in A whole cohort and B athletes with dilated RA. RA: right atrium

statistically significant anymore, while it remained signifi-
cant for sex (Supplementary Table 1).

Atrial evaluation and more particularly strain assessment
were possible in 99% of cases at rest and more than 87%
of cases after exercise (93% left atrium, 83% right atrium).
Intra-class correlation revealed excellent intra-observer
reproducibility of bi-atrial strain both at rest and exercise
(both of 0.99). Good inter-observer agreement was also
observed (intra-class correlation of bi-atrial strain at rest
and with exercise of 0.87 and 0.83, respectively) (Koo and
Li 2016).

Discussion

This study aimed to give a more detailed description of the
different cardiac adaptations to high-intensity endurance
exercise training between sexes at the atrial level. We believe
that our cohort is of great interest because of our restricted
inclusion criteria regarding exercise status (more than 10 h
a week in the past 5 years) and the equal sex representation.
Two key messages are arising from our observations. First,
sex influences atrial remodelling in athletes involved in long-
term endurance training. Women athletes have similar LA
volumes and strain parameters compared to men at rest but
show significantly less RA dilatation and better RA reservoir
and conduit function. Second, the magnitude of left atrial
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strain improvement with exercise stimulus is significantly
higher in women athletes. This is true even in athletes with
dilated LA and the same trend is observed for the RA.

Sex influence on long-term exercise-induced atrial
remodelling

Data addressing the specific influence of sex on chronic
exercise-induced atrial remodelling remain limited. In 1996,
Pelliccia et al. reported echocardiographic characteristics of
a cohort of 600 female high-level athletes of 27 different
disciplines. They found significant LA dilatation compared
to their sex-matched sedentary control group. However, the
degree of dilatation was significantly less than what was
observed in their cohort of male athletes, suggesting that
women engaged in long-term exercise have cardiac struc-
tural adaptations, although to a lesser extent than their male
counterpart (Pelliccia et al. 1996).

Atrial structural adaptations to exercise in women was
specifically studied in a prospective cohort of 24 high-level
handball players. After 16 weeks of intensive exercise (16 h
a week), D’Ascenzi et al. reported that female athletes can
develop significant LA enlargement (Flavio D'Ascenzi et al.
2018). The same relation was observed for the RA. While
still within normal range, after intensive training, LA strain
values also tended to slightly drop compared to baseline val-
ues, a phenomenon though not observed for the RA. Hence,
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Table 2 Echocardiographic atrial parameters in all athletes and participants with a dilated left or right atrium

Variables Men Women pvalue®  p value®

Baseline Exercise %change Baseline Exercise %change

Left atrium

LA indexed 35.5+7.6 321+7.8 -9.4+18.6 343+£72 31.3+£83 —-63+£235 0.490 0.219
volume (ml/
m?)*

LA adjusted 38.0+7.9 343+7.5 -9.7+18.8 339+7.4 31.5+6.5 —42+18.8 0.020 0.202
height

LA ejection 64.0+5.7 67.2+6.8 43[-4.2, 68.0+7.5 71.0+6.2 4.0 [ 1.6, 0.010 0.821
fraction (%)* 14.3] 10.1]

Right atrium

RA indexed 329+6.8 277234, -13.9+21.0  26.7+5.7 20.0 [17.3, -19.2+235 <0.001 0.296
volume (ml/ 31.3] 25.5]
m?)*

RA adjusted 352+6.9 30.1+£7.7 —-13.8+21.3 26.3+5.7 20.5+4.7 —-192+235 <0.001 0.299
height

RA ejection 514+79 55.7+12.9 11.7[-9.5, 55.7+10.7 57.6+11.9 —-1.0[ 0.051 0.390
fraction (%) 23.1] — 16.6,

21.7]

Dilated left 19 22
atrium

LA indexed 41.4+50 36.7+6.0 -109+132  404+4.0 33.7+9.5 —11.5+14.7 0.025 0.880
volume (ml/
m?)

LA ejection 66.1 [60.9, 63.6 [59.4, 2.1[-4.5,63] 69.4[66.9, 67.8 [60.8, 83[-0.7, 0.509 0.258
fraction (%) 68.4] 65.6] 75.0] 72.6] 14.6]

Dilated right 6 5
atrium

RA indexed 43.1+3.8 359+6.4 —-16.8+12.5 37717 22.5+6.0 —-399+175 0.094  0.031
maximal
volume

RA total ejec-  51.0 [44.4, 51.5[44.1, 34[-1.2, 55.2 [44.9, 57.7145.7, 11.4 [8.0, 0.971  1.000
tion fraction 54.9] 62.1] 16.8] 58.9] 62.0] 13.2]

Data expressed as mean =+ standard deviation or median [interquartile range]

*Denotes a significant difference between baseline and exercise values for the two groups for the concerned variable

p value for baseline difference between men and women

®p value for percentage of change between rest and exercise between women and men

LA: left atrial; RA: right atrial

this study strongly suggests that exercise can induce sig-
nificant atrial structural, and possibly functional, changes
in women. Of note, this study was not designed to evaluate
sex difference, if any, in the extent of atrial adaptations to
exercise.

More recently, our group (Sanchis et al. 2017) also stud-
ied bi-atrial dimensions and mechanics in 40 controls and
40 highly selected athletes (training > 10 h per week for at
least 5 years). Both athlete and control groups had sex par-
ity. Interestingly, as opposed to Pelliccia’s findings (Pel-
liccia et al. 1996), women athletes did have increased LA
volumes compared to the control group, but there was no
difference between men and women athletes in the degree

of LA dilatation. LA function, evaluated using strain and
strain rates profiles, was also similar between male and
women athletes. Regarding the RA, women athletes had
lower RA chamber dilatation compared to men athletes
and better RA myocardial deformation indices.

Put together, our data support that female athletes do
present significant atrial remodelling when engaged in
long-term intensive exercise. This remodelling appears
to be both structural and functional and similar to male
athletes, although women show significantly less RA dila-
tation and better atrial function profiles based on strain
evaluation.
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Sex influence on atrial performance in response
to exercise

A major difference was observed between sexes regarding
immediate LA deformation parameters after exercise. In
fact, women showed increased LA myocardial deforma-
tion and, theoretically, better performance compared to
men. Moreover, the same sex discrepancy was observed
in athletes with dilated LA. The same trend was observed,
although not reaching statistical significance, in the group
of athletes with dilated RA. Immediate atrial response to
exercise is known to be highly variable between individu-
als (Gabrielli et al. 2016; Sanz-de la Garza et al. 2016)
and, together with the relatively small subgroup size, pos-
sibly explains why statistical significance was not reached.

Prolonged periods of endurance exercise mandate a sig-
nificant increase in cardiac output and the “athlete’s heart”
capacity to achieve high stroke volume is not solely related
to ventricular dilatation. Diastolic function is also a signifi-
cant component of heart adaptations in athletes enrolled
in prolonged isotonic exercise (Kovacs and Baggish 2016)
allowing a fast and optimal ventricular filling at low pres-
sure. Diastolic function is classically studied using Doppler
mitral inflow in tissue-Doppler velocities, although limita-
tions of these parameters are well known (Park and Marwick
2011). Some studies suggest that atrial volumes and func-
tions are probably more closely linked to diastolic function
and, arguably, better marker of early diastolic dysfunction
or increase in ventricular filling pressure (Singh et al. 2017;
Thomas et al. 2019).

As depicted in Fig. 1 and Table 3, both sexes have similar
LA strain parameters at rest, but women athletes signifi-
cantly improve their LA reservoir and conduit function with
exercise, while men exhibit milder or no improvement of
these same atrial function components. For the right atrium
(Fig. 2 and Table 4), women athletes exhibit better RA strain
reservoir and conduit function at rest and they tend to show a
better profile with exercise stimulus compared to men. In our
cohort, men athletes could be described as showing a poten-
tially negative atrial remodelling given that during exercise,
an important goal of the atria is to help increase cardiac
output with minimal increase in ventricular filling pressures.

This different atrial response to exercise between sexes
remains of an unknown underlying physiology. Neverthe-
less, the evidence accumulating on the sex’s disparities on
cardiac exercise-induced remodelling (not only at atrial level
(D’Ascenzi et al. 2020; Antonio Pelliccia and Adami 2017))
merit revisiting known pathophysiologic concepts of volume
and pressure overload and their different impacts based on
sex. Oestrogens could be playing a central role in modu-
lating these differential adaptations, since they are known
to influence proinflammatory cytokines, fibroblast growth,
and myocytes’ apoptosis, and have an antihypertrophic

@ Springer

effect (Ainsworth et al. 2011; Piro et al. 2010) which pos-
sibly induce differences in myocardial contractility and dias-
tolic responses to acute and chronic exercise stimuli. Other
factors, such as the environment, should also be taken into
account (Guasch and Mont 2015).

Influence of height on atrial characteristics
in athletes

Because of geometric considerations, strain is closely related
to the dimension of the cardiac chamber under study—it
tends to be lower (more negative) with a smaller cavity size
(Voigt and Cvijic 2019). Considering that men are on aver-
age taller than woman for multiple genetic, hormonal, and
environmental reasons (Ellis et al. 2001) and that height also
influences left atrial size (Levin et al. 2020), it could be
argued that the differences we observed in different atrial
strain parameters between sexes are in fact related to the
height discrepancy of both groups. However, in our cohort,
while height was associated with atrial dimensions and a few
strain parameters, its influence was limited compared to the
role of sex in our observations, since the latter was the only
parameter that remained statistically significant in a two-way
ANOVA model (Supplementary Table 1).

Clinical implications

Our study confirms that female athletes develop atrial dilatation
(D’Ascenzi et al. 2014; Sanchis et al. 2017) but mainly adds, to
our opinion, a better description of the underlying differential
phenotypic atrial remodelling triggered by high-intensity endur-
ance exercise between sexes. To our knowledge, it is the first
time that the impact of sex on atrial performance in response
to the exercise stimulus has been evaluated. These findings add
to the already known differences between sexes regarding dif-
ferential ventricular adaptations to chronic aerobic exercise.

It is certainly precocious to make any link between
these atrial parameters’ differences and the known differ-
ence in incidence of supraventricular arrhythmias between
sexes in endurance athletes. Dedicated studies comparing
the occurrence of supraventricular arrhythmias and atrial
function profiles in athletes are needed before making any
assumption. Nevertheless, we believe that our results merit
further consideration and could eventually help to better
understand the underlying determinants of this dichotomous
incidence of atrial fibrillation between sexes in endurance
athletes, especially given the number of reports addressing
left atrial mechanical alterations and their association with
atrial fibrillation incidence in other contexts (Olsen et al.
2019; Thomas et al. 2020). It should be emphasized that to
this date, no relation between transitory atrial dysfunction
induced by exercise and incidence of atrial arrhythmias has
been demonstrated (Cavigli et al. 2022).
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Study limitations

Our study has limitations that need to be considered. Despite
being one of the biggest cohort of athletes specifically
addressing the differences in atrial characteristics between
men and women athletes, our findings should be confirmed
by other groups to better document the precise relationship
between sex and exercise-induced atrial remodelling. Also,
by its cross-sectional design, our study cannot provide a
proper understanding and explanation of the differences we
observed in both groups. Nevertheless, our findings are at
least hypothesis-generating regarding hormonal influence on
atrial function.

Atrial volumetric quantification is an alternative method
to assess atrial function and has been previously used to
investigate atrial remodelling in athletes (F. D'Ascenzi et al.
2015). More recently, myocardial deformation has been
recognized as a robust tool to analyse atrial function (Hoit
Brian, 2022). Despite the limitations of exercise images and
with the use of high frame acquisition modalities, we never-
theless managed to acquire proper data in a substantial pro-
portion of individuals with a good-to-excellent agreement
in intra- and inter-observer measurements. Interestingly and
logically, similarities in terms of atrial function component
affected by exercise remodelling can be found between both
methods (the absence of significant change in contractile
function for example (D'Ascenzi et al. 2015)).

Finally, we acquired stress echocardiographic images
only in the immediate recovery after maximal exercise
timeframe. While it does not affect the pertinence and the
significance of our results, this causes an intrinsic limitation
of not being able to identify and describe a more precise
stage and load of exercise that leads to the observations that
we described. This could have been of value considering
echocardiographic diastolic study at various exercise stages
during a stress test may offer incremental value (Pellikka
et al. 2020).

Conclusion

In a cohort of highly trained endurance exercise athletes, we
found significantly less exercise-induced atrial remodelling
in women compared to men. More specifically, significantly
lower right atrial volumes and higher myocardial deforma-
tion performance parameters were observed in female ath-
letes. Female athletes also demonstrated a significantly bet-
ter left atrial performance profile after exercise compared to
male athletes and the same trend was observed for the right
atrium. These observations add to our understanding of the
athlete’s heart features and the differences known between
sexes, although additional data to confirm our findings are

needed. Moreover, a specifically designed study addressing
the hypothetic relationship between exercise-induced atrial
remodelling and incidence of atrial arrhythmias in endur-
ance athletes, with particular attention to possible sex dis-
parities, is needed.
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