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Abstract

Recent studies have reported on an association between endurance sport, atrial

enlargement and the development of lone atrial fibrillation in younger, male cohorts.

The atrial morphology and function of middle-aged, physically-active males and

females have not been well studied. We hypothesized that middle-aged males would

demonstrate larger left atrium (LA) and right atrium (RA) volumes compared to

females, but atrial function would not differ. LA and RA volume and function were

evaluated at rest in healthy adults, using a standardized 3.0Tesla cardiac magnetic

resonance protocol. Physical activity, medical history, and maximal oxygen consump-

tion ( _VO2peak) were also assessed. Physically-active, middle-aged men (n = 60; 54

±5 years old) and women (n = 30; 54 ±5 years old) completed this study. Males had a

higher body mass index, systolic blood pressure, and _VO2peak than females (p< .05 for

all), despite similar reported physical activity levels. Absolute and BSA and height-

indexed LA and RA maximum volumes were higher in males relative to females,

despite no differences in ejection fractions (p< .05 for all). In multivariable regression,

male sex p< .001) and _VO2peak (p = .004) were predictors of LA volume (model

R2 = 0.252), whereas _VO2peak (p< .001), male sex (p = .03), and RV EF (p< .05) were

predictors of RA volume (model R2 = 0.377). While middle-aged males exhibited

larger atrial volumes relative to females, larger, prospective studies are needed to

explore the magnitude of physiologic atrial remodeling and functional adaptations in

relation to phenotypic factors.
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1 | INTRODUCTION

Long-term vigorous physical activity and exercise have been

associated with cardiac morphological adaptations known as the “Ath-
lete's Heart”.1 The extent of this remodeling in the atria has been well

characterized in younger male and female elite endurance athletes

using echocardiography.2,3 However, there is paucity of literature

describing atrial structure and function in middle-aged physically-

active adults, despite the high participation rates of recreational to

sub-elite middle-aged endurance athletes.4 This middle-aged cohort

exhibits cardiac morphological adaption in response to years of an

intensive exercise-training burden. We have recently characterized

cardiac structure and function in this cohort using both electrocardi-

ography5 and echocardiography,6 demonstrating significant and

heterogeneous remodeling in the absence of increased atrial ectopy.

A recent echocardiography study has reported an association

between larger left atrial size and higher cardiorespiratory fitness in

physically-active adults across the lifespan.7 While echocardiography

is a common first tool to evaluate cardiac structure, it underesti-

mates cardiac volumes in comparison to the gold standard of cardiac

magnetic resonance (CMR) imaging.8 While CMR has been applied

to quantify atrial morphology in younger elite athletes,9,10 only a

single, small study has been completed in middle-aged males con-

sisting of 10 former elite athletes and five controls.11 The extent of

atrial remodeling in this cohort may be particularly salient, as studies

suggest a potential predilection for exercise induced cardiac remo-

deling and lone atrial fibrillation,12 particularly in male athletes.13 In fact,

female athletes are less likely to develop atrial fibrillation at a younger

age than men, and unlike men, there is no association between long-

standing exercise dose and risk of atrial fibrillation.13

Therefore, the primary objective of the current study was to char-

acterize left atrium (LA) and right atrium (RA) morphology, as well as

LA strain in middle-aged, physically-active adults. We hypothesized

that males would demonstrate larger LA and RA volumes compared to

females, but atrial function would not differ.

2 | METHODS

2.1 | General study procedures

This study was part of a larger investigation examining the cardio-

vascular phenotypic characteristics of healthy, physically-active

males and females.5,6 All participants were between 45 and

65 years of age with a long-standing history (>10 years) of physi-

cal activity participation. Exclusion criteria included a history of

smoking, hypertension, diabetes mellitus, the use of cardio active

drugs, or a history of chronic disease. Detailed medical and sport

histories were obtained to confirm eligibility, and a physical exam-

ination was performed by a cardiologist. Participants were asked

to abstain from caffeine (12 hours), alcohol (12 hours), and exer-

cise (24 hours) prior to each study visit. The institutional research

ethics board in accordance with the Declaration of Helsinki

approved this study protocol. All participants provided written

informed consent.

2.2 | Exercise training history

All participants completed a two-week exercise diary detailing the

mode, duration, and intensity of each work out. A Likert scale was

completed to determine the consistency of exercise training during

the preceding 10 years and the training burden was determined by

calculating both the h/week and the modality-specific metabolic

equivalent of a task (MET)�h/week of vigorous exercise.14

2.3 | Resting blood pressure and maximal exercise
testing

Resting seated blood pressure (BP) (BpTRU model BPM-100, BpTRU

Medical Devices, Coquitlam, BC, Canada) was measured in accor-

dance with Canadian Hypertension guidelines15 prior to assessing

cardiorespiratory fitness. A graded maximal exercise test was

performed to exhaustion on a treadmill or cycle ergometer depending

on the participant's primary exercise modality. Maximal oxygen

consumption ( _VO2peak) was determined by breath-by-breath gas

exchange, averaged every 20 seconds (Moxus Modular O2 system,

Applied Electrochemistry Inc., Pittsburgh, PA).

2.4 | CMR assessment and analysis

On a separate day, resting CMR in the supine position was performed

to evaluate cardiac morphology. Images were acquired using a 3.0

Tesla magnet (Siemens MAGNETOM Skyra 3.0T with TIM and DOT

technology) using a phased-array cardiac coil and retrospective elec-

trocardiographic gating, completed by one of two operators blinded

to group and clinical status. Steady-state free precession images

were obtained during breath hold at end-expiration. CINE images

were acquired to obtain a contiguous short axis stack (slice thickness

of 8 mm, no gaps), as well as long-axis 4-chamber and 2-chamber

images, as previously reported by our group.16 A total of 25 images

per cardiac cycle were obtained at end-tidal breath hold.

CMR image analysis was performed with commercially available

software (CVi42, Circle Cardiovascular Imaging, Calgary, AB, Canada)

by a single blinded observer (MG). Inter-observer repeatability was

also performed with an additional blinded observer (MA). Intra-

(n = 12) and inter-observer (n = 5) repeatability demonstrated excel-

lent intraclass correlation coefficients for the LA (0.99 intra-rater, 0.97

inter-rater) and RA (0.99 intra-rater, 1.00 inter-rater) volumes.

Simpson's slice summation method was used for volumetric assess-

ment (summation of outlined areas � slice thickness). Maximum and

minimum volumes were manually traced with delineation of the atrial

endocardial borders in all cardiac phases. The maximal LA and RA

volumes were achieved immediately prior to ventricular diastole.

1468 GLIBBERY ET AL.



The maximum volume was defined as the last image before opening

of the mitral or tricuspid valve in the LA and RA, respectively. Accord-

ingly, the minimal LA and RA volumes were defined as first image

after closure of the mitral and tricuspid valves, immediately prior to

ventricular systole. A straight line was drawn between the leading

edge of the mitral or tricuspid valve annulus to determine the atrio-

ventricular plane in the LA and RA, respectively (Figure 1). Atrial

appendages were included, and the pulmonary veins and the superior

and inferior vena cava were excluded. The relative degree of remo-

deling in the atrial and ventricular chambers was calculated using the

following ratios: LA to RA volume indexed to height (LAmaxih/

RAmaxih), LA to LV end-diastolic volume indexed to height (LAmaxih/

LVEDVih), and RA to RV end-diastolic volume indexed to height

(RAmaxih/RVEDVih). Maximal and minimal volumes were used to cal-

culate atrial stroke volume (maximal volume – minimal

volume = stroke volume [ml]) and ejection fraction (stroke volume/

maximal volume � 100 = ejection fraction [%]). All cardiac volumes

were indexed to height and body surface area (BSA), with height con-

sidered the most appropriate index for cardiac volumes in an athletic

population.17 Additional normalized measures were calculated, includ-

ing height1.7 and height2.7 .18 Atrial strain analysis was performed in a

subset of male and female athletes with adequate image quality for

the manual tracing of the LA endocardial borders in 2- and 4-chamber

long-axis views (using LV end diastole as the reference phase). CVi42

software (Circle Cardiovascular Imaging, Inc, Calgary, Canada) was

used to perform LA analyses. An automated tracking algorithm

was applied, and manual adjustments were performed as needed to

attain optimal wall tracking. We computed longitudinal atrial strain as

(L1 � L0)/L0, where L1 is the change of atrial myocardial length through-

out the atrial cycles and L0 is the resting (or reference) length in a relaxed

state at diastasis (end of atrial diastole).

2.5 | Statistical analysis

Normality was assessed visually with Q-Q plots and quantitatively

with a Shapiro–Wilk test. Independent sample t-tests or Mann–

Whitney U tests were conducted to evaluate differences between

males and females. Data were presented as mean ± SD, unless other-

wise specified. Stepwise multivariable regression was completed with
_VO2peak, sex and resting HR as predictors of LA volume, while
_VO2peak, sex, resting HR and RV EF were used as predictors of RA vol-

ume. Predictors were identified with univariate regression (included if

p< .05), while sex was included a priori given we wanted to examine

differences between sex. All assumptions of multivariable regres-

sion including normality of residuals, homoscedasticity and multi-

collinearity were met. All statistical analyses were completed

using SPSS Statistics Software Version 20 (IBM Corp., Armonk,

NY). Statistical significance was set at p < .05.

3 | RESULTS

3.1 | Participant demographics

Participant demographics (n = 90) are presented in Table 1. Two par-

ticipants were not included in the analyses due to inadequate image

quality. In brief, males had greater height (p < .001), weight (p < .001),

F IGURE 1 Example of the manual delineation of the left (orange)
and right (light blue) atrium with cardiac magnetic resonance imaging
(cMRI). The LA includes the left atrial appendage, but excludes the
pulmonary vein, while the RA includes the right atrial appendage,
while excludes the superior and inferior vena cava. Ao, aorta; LA, left
atrium; RA, right atrium

TABLE 1 Participant demographics

Male Female

N 60 30

Age (years) 54 ± 5 54 ± 5

Height (m) 1.78 ± 0.05 1.64 ± 0.09*

Weight (kg) 77 ± 10 61 ± 11*

BMI (kg/m2) 24.3 ± 2.9 22.6 ± 3.4*

Vigorous exercise (hours/week) 7.0 ± 5.0 5.2 ± 3.6

Vigorous MET hours/week 73 ± 52 50 ± 36

Body surface area (m2) 1.95 ± 0.13 1.65 ± 0.17*

Resting SBP (mmHg) 117 ± 14 106 ± 13*

Resting DBP (mmHg) 75 ± 9 69 ± 9*

_VO2peak (ml/kg/min) 48.8 ± 8.6 43.8 ± 10.0*

Note: Data presented as mean ± standard deviation. * Denotes p < .05 for

difference between male and female (p < .05).

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; SBP,

systolic blood pressure; _VO2peak, peak rate of oxygen consumption during

exercise.
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body mass index (p = .005), and BSA (p < .001) compared to females.

Males and females did not differ with respect to exercise training bur-

den (both p = .113), but males did have a higher relative _VO2peak

(p = .024). Males had a higher resting SBP (p = .002) and DBP

(p = .003) compared to females.

3.2 | CMR atrial morphology and sex

Absolute atrial volumes as well as volumes indexed to both BSA and

height are reported (Tables 2–3). Males had larger absolute LA and RA

volumes than females. LA volumes indexed to both height and BSA

were also larger in males compared to females, as were indices of SV

(Figure S1; all p < .05). LA EF was not different between males and

females (p = .902). Similar observations were present for the RA,

except that males had a greater RA EF (p = .001) compared to females

and RA SV/BSA was not different (p = .210).

3.3 | CMR Assessment of right versus left atrial
remodeling

The relative magnitude of atrial remodeling in the LA versus RA

(LAmaxih/RAmaxih, p = 0.340), as well as atrial versus ventricular

comparisons (LAmaxih/LVEDVih, p = .195; RAmaxih/RVEDVih,

p = .966), did not differ between males and females (Table 2).

3.4 | CMR assessment of LA strain

Among a subset of participants (males n = 34, females n = 16), 4-

chamber LA strain analysis revealed no sex differences. Strain imaging

of the 2-chamber view demonstrated worse peak radial strain

(p = .005), peak systolic radial strain rate (p = .011) and peak systolic

longitudinal strain rate (p = .013) in males compared to females

(Table 3).

3.5 | Predictors of left and right atrial remodeling

In univariate analysis, _VO2peak (r = 0.37, p< .001), resting HR

(r = �0.31, p = 0.003) were independent predictors of LA max vol-

ume indexed to height. Point bi-serial correlation demonstrated a pos-

itive association between male sex and LA max volume (r = 0.42,

p< .001, Figure S1). Notably, SBP was not significantly associated with

LA max volume (r = 0.11, p = .281). In multivariable regression

TABLE 2 Atrial volumes in physically-active, middle-aged adults

Male Female

N 60 30

LA max volume (ml) 124 ± 23 93 ± 22*

LA max/BSA (ml/m2) 63 ± 12 56 ± 13*

LA max/height (ml/m) 69 ± 13 57 ± 13*

LA min volume (ml) 64 ± 14 48 ± 12*

LA min/BSA (ml/m2) 33 ± 7 29 ± 7*

LA min/height (ml/m) 36 ± 8 29 ± 7*

LA SV (ml) 60 ± 13 45 ± 11*

LA SV/BSA (ml/m2) 31 ± 7 27 ± 7*

LA SV/height (ml/m) 34 ± 7 27 ± 7*

LA EF (%) 48 ± 6 48 ± 5

RA max volume (ml) 134 ± 31 96 ± 26*

RA max/BSA (ml/m2) 69 ± 17 58 ± 14*

RA max/height (ml/m) 75 ± 17 59 ± 14*

RA min volume (ml) 72 ± 20 47 ± 17*

RA min/BSA (ml/m2) 37 ± 11 29 ± 9*

RA min/height (ml/m) 41 ± 12 29 ± 9*

RA SV (ml) 61 ± 14 49 ± 12*

RA SV/BSA (ml/m2) 32 ± 8 29 ± 7

RA SV/height (ml/m) 34 ± 8 30 ± 7*

RA EF (%) 46 ± 6 51 ± 6*

LAmaxih/RAmaxih 0.96 ± 0.20 1.00 ± 0.21

LAmaxih/LVEDVih 0.61 ± 0.08 0.63 ± 0.12

RAmaxih/RVEDVih 0.61 ± 0.12 0.61 ± 0.10

Note: Data presented as mean ± standard deviation. * Denotes p < .05 for

difference between male and female.

Abbreviations: BSA, body surface area; EF, ejection fraction; LA, left

atrium; LAmaxih, left atrium maximum volume indexed to height; LV

EDVih, left ventricle end diastolic volume indexed to height; Max,

maximum; Min, minimum; RA, right atrium; RAmaxih, right atrium

maximum volume indexed to height; RV EDVih, right ventricle maximum

volume indexed to height; SV, stroke volume.

TABLE 3 Left atrial strain in physically-active, middle-aged adults

Male Female

N 34 16

4-Chamber

Peak radial strain (%) 40.9 ± 21.2 43.9 ± 23.5

Peak longitudinal strain (%) �18.2 ± 4.9 �16.5 ± 12.9

Peak systolic radial strain rate (s�1) 2.4 ± 1.9 2.3 ± 1.2

Peak systolic longitudinal strain rate (s�1) �1.1 ± 0.6 �1.1 ± 0.6

Peak diastolic radial strain rate (s�1) �2.2 ± 1.5 �2.3 ± 2.4

Peak diastolic longitudinal strain rate (s�1) 1.0 ± 0.4 1.0 ± 0.7

2-Chamber

Peak radial strain (%) 44.3 ± 20.5 56.9 ± 14.8*

Peak longitudinal strain (%) �17.9 ± 10.2�21.3 ± 2.9

Peak systolic radial strain rate (s�1) 2.3 ± 2.1 3.4 ± 1.4*

Peak systolic longitudinal strain rate (s�1) �1.1 ± 0.7 �1.5 ± 0.5*

Peak diastolic radial strain rate (s�1) �2.4 ± 2.4 �2.1 ± 3.3

Peak diastolic longitudinal strain rate (s�1) 0.8 ± 0.8 1.0 ± 0.4

Note: Data presented as mean ± standard deviation. * Denotes difference

from male versus female (p < .05).
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analyses, _VO2peak (β = 0.231; p = .023), male sex (β = 0.333;

p = .001), were significant predictors of LA max volume indexed to

height; whereas, resting HR no longer remained a significant predictor

(β = �0.19; p = .052) (Table 4; model R2 = .286).

In univariate analysis _VO2peak (r = .49, p< .001), resting HR

(r = �0.38, p< .001) RV EF (r = �0.35, p = .001, Figure S1) were inde-

pendent predictors of RA max volume indexed to height. Notably,

SBP was not significantly associated with RA max volume (r = �0.30,

p = .780). Point bi-serial correlation demonstrated a positive associa-

tion between male sex and RA max volume (r = 0.43, p< .001). In mul-

tivariable regression analyses, _VO2peak (β = 0.332; p< .001), male sex

(β = 0.261; p = .005), resting HR (β = �0.222; p = .015), were signifi-

cant predictors of RA max volume indexed to height; whereas RV EF

no longer remained a significant predictor (β = �0.171; p = .060)

(Table 4; model R2 = 0.421).

4 | DISCUSSION

In the current study, we characterized atrial structure and function

in healthy, middle-aged adults. Our study cohort was unique in that

it enabled the characterization of atrial remodeling across a spec-

trum of physical activity, ranging from middle-aged males and

females who performed recreational exercise (150 min/week of

moderate-vigorous physical activity) through to those who com-

peted in recreational endurance sporting events. Males had larger

atrial volumes than females with both LA and RA volumes being

significantly and positively correlated to ventricular volumes,

including left and right ventricular end diastolic volumes. These

findings indicate proportional enlargement of all cardiac chambers

in response to endurance training.

4.1 | Atrial volumes and sex

Although the magnitude of cardiac remodeling varies considerably

across individual athletes, male sex was the most significant predictor

of LA maximum volume (indexed to height) in our multivariable

regression analyses. Our findings support previous work where males

have larger atrial volumes than females.19 In particular, Mosen et al.9

observed less atrial remodeling in female versus male endurance ath-

letes when analyzing the ratios of LA and RA to total heart volume. In

contrast, Letnes et al.7 also observed negligible differences in atrial

volumes when adjusting for cardiorespiratory fitness.

The observation of larger atria in male athletes may be due to a

number of underlying mechanisms. In the current study, males had

higher systolic BP than females, which may contribute to atrial remo-

deling.20 In addition, a larger atria may be in part attributed to andro-

genic hormones that influence cardiac protein synthesis.21 Skeletal

muscle mass, training volume, and plasma volume expansion may also

influence the cardiovascular adaptations associated with training.22

Importantly, a recent randomized controlled trial demonstrated no sex

differences in the magnitude of left atrial remodeling in previously

sedentary adults who completed 24 months of high-intensity train-

ing.23 Future investigation into the functional parameters of the LA

and RA both at rest and during exercise may help to distinguish the

influence of biological sex on atrial morphology and response to path-

ological conditions.

4.2 | Atrial volumes and training

A recent meta-analysis involving 16 echocardiographic studies of ath-

letes (primarily males in high dynamic sports) reported that indexed

TABLE 4 Multivariable regression of
factors associated with LA and RA max
volumes

Unstandardized coefficients
Standardized coefficients

B Standard error β T p value
Model LA max volume

Sex 9.869 2.871 0.333 3.438 0.001

_VO2peak 0.350 0.151 0.231 2.315 0.023

Heart rate �0.294 0.149 �0.193 �1.968 0.052

R R2 Adjusted R2 Standard error of the estimate p value

0.535 .286 0.260 12.157 <0.001

Unstandardized coefficients
Standardized coefficients

B Standard error β T p value
Model RA max volume

Sex 9.956 3.469 0.261 2.870 0.005

_VO2peak 0.645 0.177 0.332 3.652 <0.001

Heart rate �0.434 0.174 �0.222 �2.494 0.015

RV EF �0.708 0.371 �0.171 �1.907 0.060

R R2 Adjusted R2 Standard error of the estimate p value

0.649 0.421 0.393 14.146 <0.001
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LA volumes were unrelated to the type of sport performed.24 Our

atrial morphology data in middle-aged, physically-active adults (rang-

ing from recreationally-active to sub-elite) advances our understand-

ing of atrial volumes among males and females who have engaged in

long-standing physical activity participation, as previous work often

compared younger, male elite athletes to sedentary adults.9,11,25–27

Despite being the largest CMR study assessing atrial volumes in active

middle aged persons to date, our sample size was not sufficient to rig-

orously assess the association between atrial volumes and physical

activity modality.

The large variability of LA and RA volumes across our entire

cohort suggests an equally wide and heterogeneous response to

endurance training and atrial adaptation. McClean et al.28 similarly

found no association between RA or LA volumes and years of athletic

training; however, Wilhelm et al. 29 observed a positive correlation

between LA volumes and lifetime training hours. The interaction of

several factors, including genetics and those which contribute to the

overall exercise training volume, not determined in the current study,

likely significantly impacts this adaptation.

4.3 | Atrial strain, endurance training, and sex

Our current CMR study findings revealed atrial enlargement and

strain values within normal physiological range in middle-aged,

physically-active adults. While our middle-aged males had greater

atrial enlargement than females, females exhibited superior atrial

strain which may be secondary to their attenuated atrial remodeling

response. Our findings expand upon previous echocardiographic

studies focused primarily on younger, elite male athletes. In particu-

lar, a meta-analysis of nine two-dimensional speckle tracking echo-

cardiographic studies observed that global LA longitudinal strain

data was marginally lower in elite athletes relative to untrained ath-

letes (mean ages ranging from 22 to 43 years of age).30 Notably,

these studies primarily examined male athletes (7 of 9 studies had

100% male participants and 2 of 9 studies has 100% female partici-

pants), and therefore, were unable to evaluate the influence of

endurance training and sex on atrial function. Recent work has also

shown that worse atrial strain with higher atrial volumes in middle-

aged male athletes may be associated with atrial fibrillation.31

Whether this occurs as a result of structural, functional or electrical

remodeling could not be determined with the current study.

4.4 | Allometric scaling of the atria in athletes

The scaling of atrial volume warrants consideration. We reported

various allometric scaling data in the present paper (Table S1). Some

investigators advocate allometric scaling of cardiac volumes by

height in the general population.32,33 We chose to index cardiac vol-

umes to height in the multivariable regression model as height may

be a more appropriate index for cardiac volumes in a physically-

active population,17 although most commonly, atrial (and ventricular)

volumes are scaled to BSA. It has also been argued that cardiac vol-

umes should be scaled to fat-free mass in athletic populations. The

impact of scalar variables and its impact on athlete-control compari-

sons of cardiac dimensions18 remains unresolved. While sex differ-

ences in lean body mass (LBM) may be amplified given the low-fat

mass present in both male and female endurance athletes, LBM is

rarely analyzed in clinical research and was not assessed with the

current study. These data suggest that further work is required to

determine optimal scaling method for the atria, particularly in

physically-active cohorts.

4.5 | Clinical implications

Whilst we demonstrated significantly more absolute and relative atrial

enlargement in middle-aged males relative to females, the clinical sig-

nificance, such as a propensity to atrial arrhythmias in the future,

remains unclear. A body of literature has emerged linking cardiac rem-

odeling to lone AF, particularly in male relative to female athletes.13

Female athletes are less likely to develop atrial fibrillation at a younger

age than men, and unlike men, there is no association between long-

standing exercise dose and risk of atrial fibrillation.13 This finding sup-

ports the emerging concept that absolute atrial size, as opposed to

“indexed” atrial size, may be the prime determinant of the propensity

toward AF.

Furthermore, recent CMR studies utilizing advanced atrial tissue

characterization techniques to quantify scar tissue demonstrate a cor-

relation between atrial fibrosis and AF risk.34 We were unable to per-

form high resolution atrial isotropic scans to assess the presence of

atrial fibrosis. More studies are required to better characterize the

atrial remodeling response at the tissue level in physically-active

cohorts, and to establish the association between “pathologic” remo-

deling of the atria, which includes absolute atrial size, markers of

“excessive” or pathologic atrial fibrosis and the risk for lone atrial

fibrillation in athletic cohorts.12

4.6 | Limitations

Our study findings should be considered in light of the following lim-

itations. We utilized a cross-sectional design, which precludes any

attribution of causality between atrial volumes and long-term endur-

ance exercise training. The self-reporting of physical activity history

may have introduced recall and response bias. We had a smaller

cohort of physically-active female participants; yet, we still observed

that males have larger atrial volumes relative to females who per-

formed similar levels of physical activity. The underrepresentation of

females in clinical cardiovascular research remains widespread35 and

future longitudinal research is required to understand sex differ-

ences in atrial structure and function in response to long-term physi-

cal activity participation. Heterogeneity in atrial volumes may be

even more pronounced if elite athletes and a sedentary cohort had

been included.
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5 | CONCLUSIONS

The current study used gold standard CMR methods to measure atrial

volumes and strain obtained from middle-aged, physically-active male

and females. Although males had larger LA and RA volumes compared

to the females, females exhibited superior atrial strain and strain rate

values. Nonetheless, we observed significant heterogeneity in atrial

structure among physically-active, middle-aged adults. Larger, pro-

spective studies are needed to explore the magnitude of physiologic

cardiac remodeling and functional adaptations in relation to atrial

fibrosis, exercise training volume, and other phenotypic factors.
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SUPPORTING INFORMATION
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