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Abstract

Background—Exercise mitigates many cardiovascular risk factors associated with atrial 

fibrillation (AF). Endurance training has been associated with atrial structural changes which can 

increase the risk for AF. The dose of exercise training required for these changes is uncertain. We 

sought to evaluate the impact of exercise on left atrial (LA) mechanical and electrical function in 

healthy, sedentary, middle-aged adults.

Methods and Results—61 adults (52 +/− 5 years) were randomized to either 10 months of 

high intensity exercise training or yoga. At baseline and post training, all participants underwent 

maximal exercise stress testing to assess cardiorespiratory fitness, P-wave signal averaged 

electrocardiography (P-SAECG) for filtered p-wave duration (FPD) and atrial late potentials 

(RMS20), and echocardiography for LA volume, LV end diastolic volume (LVEDV) and mitral 

inflow for assessment of LA active emptying. Post-training data were compared to 14 healthy age-

matched Masters athletes. LA volume, VO2max and LVEDV increased in the exercise group 

(15%, 17%, 16%, respectively) with no change in control p<0.0001). LA active emptying 

decreased post exercise versus controls (5%, p=0.03). No significant changes in FPD or RMS20 

occurred after exercise training. LA and LV volumes remained below Masters athletes’. The 

athletes had longer FPD but no difference in the frequency of atrial arrhythmia.

Conclusions—Changes in LA structure, LA mechanical function, and LV remodeling occurred 

after 10 months of exercise but without significant change in atrial electrical activity. A longer 
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duration of training may be required to induce electrical changes thought to cause AF in middle 

aged endurance athletes.

Clinical Trial Registration—https://clinicaltrials.gov; Unique Identifier: NCT02039154
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INTRODUCTION

Atrial fibrillation (AF) is the most common cardiac arrhythmia in the United States. Its 

prevalence in the general population increases significantly with age; it is as low as 0.1% in 

adults younger than 55 years of age and as high as 9% after the age of 80.1 While exercise 

mitigates many of the cardiovascular risk factors for AF such as hypertension, diabetes and 

obesity, 2 there is growing evidence, 3–5 that participation in long term endurance sports is 

associated with an increased risk of developing AF in middle aged adults. Notably, a 

systematic review and meta-analysis of studies evaluating the incidence of AF in athletes 

found that the overall risk is significantly higher in athletes involved in endurance sports 

compared to non-athletes 6. In one of the first studies to suggest an increased risk for AF in 

healthy middle-aged endurance athletes, AF was observed in 5.3% of athletes compared to 

0.9% of healthy sedentary aged matched controls.4 Additionally, a cross-sectional study of 

non-elite runners, stratified according to self-reported number of lifetime training hours, 

found that the athletes with the most cumulative training time (> 4500 hours) had the highest 

risk.7 A recent meta- analysis on AF in athletes found that the overall risk is significantly 

higher by ~5 fold in athletes involved in any type of endurance sport compared to non- 

athletes 6.

Indeed, endurance athletes with a long history of training have been found to have increased 

left atrial (LA) volumes, prolonged p-wave durations on signal averaged electrocardiography 

(P-SAECG), and frequent premature atrial contractions (PACs), which have been associated 

with an increased risk for the development of AF. 7 However, whether these changes reflect 

a positive physiologic response for improved athletic performance (which may nevertheless 

increase the risk of AF) or a pathologic response to a harmful dose of exercise is uncertain. 

While the risk of AF has been demonstrated to increase in competitive endurance athletes, 

the dose of exercise that is required to increase the risk of AF is currently unknown.

The purpose of this study was to determine the impact of high-intensity exercise training on 

LA mechanical and electrical function in healthy, sedentary middle-aged adults. To put these 

data in context, the longitudinal data acquired before and after training were compared in a 

cross sectional design to a group of competitive endurance athletes, some of whom had 

paroxysmal atrial fibrillation. We hypothesized that 10 months of vigorous exercise training 
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would increase cardiorespiratory fitness and result in LA structural and electrical changes 

different than controls and similar to long term endurance athletes.

METHODS

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Subjects

Sixty-one healthy, middle-aged, sedentary adults aged 45 to 64 years (29 men, 32 women; 

average age 52.1 ± 5 years) were randomized to either an aerobic exercise interval training 

program or yoga (active control group). Participants were excluded if they were exercising 

more than 90 minutes per week or if they had any history of AF. To limit the possibility of 

silent AF, all participants underwent extended telemetry monitoring for up to 14 days at 

baseline via a 5″ × 2″ bipolar electrode patch (Zio Patch, iRhythm technologies, CA, USA) 
8 which provided a qualitative and quantitative burden of atrial arrhythmias (PACs and AF). 

Atrial fibrillation was defined as irregularly irregular atrial activity lasting > 30 seconds with 

the absence of P waves.

All participants signed an informed consent form approved by the institutional review board 

of the University of Texas Southwestern Medical Center at Dallas and Texas Health 

Presbyterian Hospital Dallas. All participants were screened for comorbidities and were 

excluded if any of the following conditions were present: hypertension, diabetes mellitus, 

body mass index ≥ 30 kg/m2, untreated hypo- or hyperthyroidism, obstructive sleep apnea, 

chronic obstructive pulmonary disease, tobacco use during the past 10 years, coronary artery 

disease, or structural heart disease. A complete medical history was obtained, and physical 

examination performed, by a study physician. A 12-lead electrocardiogram (ECG) was 

obtained for each participant to evaluate for arrhythmias, conduction abnormalities, or 

evidence of ischemia. All participants were fitted with a 24-hour ambulatory blood pressure 

(BP) monitor (SunTech Oscar 2, USA) for baseline readings and circadian variability.9 

Participants with mean BP > 140/90 mm Hg were excluded.

All measures described below were obtained before and after 10 months of exercise training 

or yoga.

Exercise Testing

Body composition was measured by underwater weighing. 10, 11 cardiorespiratory fitness 

(peak V̇O2) was assessed using a modified Astrand-Saltin incremental treadmill protocol. 12 

Ventilatory gas exchange was measured using the Douglas bag technique; gas fractions were 

analyzed by mass spectrometer (Marquette Electronics, model 1100) 13 and ventilatory 

volume was measured with a 200L Tissot spirometer. Peak V̇O2 was defined as the highest 

oxygen uptake obtained from at least a 30 second Douglas bag. Cardiac output was 

measured non-invasively by the acetylene rebreathing method which has been previously 

validated in healthy participants at rest and during exercise. 14, 15 Blood pressure 

measurements were obtained on the left arm (Tango, SunTech Medical) and heart rate (HR) 

and rhythm were assessed with a 12 lead EKG (Mortara, USA). Stroke volume was 
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calculated by dividing cardiac output by HR and the Fick equation was used to calculate the 

arteriovenous oxygen difference at peak exercise (a-vO2diff = peakV̇O2/Qc). PeakV̇O2 was 

indexed to both total body and fat free mass. 16

Echocardiography

Assessment of LA and left ventricular (LV) structure and function were obtained using both 

2D and 3D echocardiography (IE33 Phillips Medical Systems, Andover, USA). For 3D LA 

volumes, images were obtained with a matrix array transducer and the dataset was 

transferred to Q-LAB (Phillips Medical Systems, Andover, USA) for offline analysis.17 

Pulsed wave Doppler, positioned at the tips of the mitral valve leaflets with a sample volume 

of 2.0 mm, was used to assess mitral inflow velocities.18, 19

Left ventricular filling patterns were assessed by mitral inflow velocities where early filling 

(E wave) and late filling (A wave) peak velocities were recorded. The area under the curve 
20 was subsequently traced for the E wave, diastasis time (D) and A wave. The active 

emptying percentage of the total LA emptying phase21 was calculated as follows:

[Aauc/(Eauc + Dauc + Aauc)] %

In the above formula, A represents active emptying during the atrial contractile phase, E 

represents passive emptying after mitral valve opening and D represents the diastasis time. 

AUC denotes area under the curve.

Left ventricular end-systolic and end-diastolic volume (LVESV and LVEDV), Left atrial 

end-systolic and end-diastolic volume (LAESV and LAEDV) were measured using 3D 

echocardiography, with identification of 5 points at the apex and mitral annulus in the 2- and 

4 -chamber views, and analysed using QLAB. 22 The computer generated outline in each 

view was then reviewed and modified by an experienced analyst to better outline the 

specified cardiac chamber and to obtain a more accurate measure.

P-wave Signal Average Electrocardiogram (P-SAECG)

Continuous supine 12-lead ECGs were obtained using a Mortara XScribe system (Mortara 

Instruments, USA) at a 1 kHz sample rate. Digital ECG files were analysed using MATLAB 

custom software (Mathworks, Natick, MA). QRS detection was performed by template 

matching algorithm of median QRS complexes generated from a 10-second segment for 

each of the ECG leads. A segment of the ECG, free of artifact and with stable resting heart 

rate, was selected for P-wave analysis. An initial average P-wave was calculated for each 

lead based on QRS triggering. This averaged P-wave was then cross-correlated with each 

raw P-wave for temporal alignment. A total of 200 P-waves per patient were examined. 

Individual P-waves that were more than two standard deviations from the mean P-wave were 

excluded in the final calculation of the averaged P-wave. A blinded operator measured the P-

wave duration of the 12-lead averaged P-wave.

Filtered signal-averaged P-wave analysis was done by an orthogonal lead ECG 

approximation of the averaged 12-lead P-wave derived using the inverse Dower 
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transformation. The XYZ signals were then highpass filtered at 40 Hz then combined into a 

vector magnitude, ((x2 + y2 + z2)1/2). The filtered P-wave duration (FPD) in milliseconds 

was then manually determined by a blinded operator and the root mean square voltage of the 

last 20 milliseconds (RMS20) of the averaged P wave was computed. 23

Exercise Training

Exercise participants trained either at home, at their local gymnasium, or at our hospital 

based fitness center. The exercise training program was designed to increase in duration and 

intensity over time. See Table 1 for a detailed summary of the exercise prescription program. 

Maximal steady state (MSS) was obtained from ventilatory and lactate thresholds as 

previously described. 24, 25 Based on MSS HR (HRMSS) and peak HR (HRpeak), 4 training 

zones were established for each participant randomized to the exercise group: MSS, base 

pace (20 beats below MSS), interval, and recovery. The majority of the training in the early 

phase was base pace training. As participants acclimated to the training, MSS training was 

added starting with 2 sessions per week during the second month and increasing to 3 

sessions per week from the third month forward. Thirty-minute strength training sessions 

were added twice per week to compliment aerobic exercise beginning during the second 

month. From the third month on, aerobic interval training consisting of “4 × 4” interval 

sessions (4 minutes of exercise at 95% peak HR followed by 3 minutes of active recovery at 

60–75% peak HR, repeated four times) were incorporated 26. A recovery day consisting of 

20–30 minutes of walking followed each interval day to maximize performance gains. By 

the sixth month, participants were training 5–6 hours per week including at least 2 aerobic 

intervals and one long session (at least an hour) each week. This dose of exercise was then 

maintained for an additional four months after which post training measurements are 

obtained.

Yoga

Yoga participants performed one hour of yoga at least 3 times per week either at home using 

an instructional video or in a group class in the community. All participants were assigned 

an exercise physiologist who provided close follow-up and monitored training at least twice 

per month at our institute or at their place of training. All participants also kept logs of their 

training activities and wore HR monitors (Polar, Kempele, Finland) to record exercise 

duration, training HR, and to document adherence to the exercise prescription.

Endurance Athletes

A group of competitive endurance athletes considered at risk for training-induced AF was 

added in a cross-sectional study design to examine the long-term effects of endurance 

exercise on cardiac structure, function, and atrial arrhythmias, and to provide context for the 

amount of exercise training typically associated with AF in endurance athletes. Fourteen 

middle-aged competitive athletes were enrolled (10 men and 4 women; average age 52 ± 4 

years, minimum training duration of 10 years). Four athletes had a history of paroxysmal 

AF, but all were in sinus rhythm at the time of the study. Athletes with AF were excluded 

only if they had a history of catheter ablation or were taking anti-arrhythmic drugs at the 

time of enrolment. Inclusion criteria for the endurance athletes were (i) participation in 

competitive swimming, cycling, marathon running, or triathlons for a minimum of 5 years, 
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(ii) participation in at least 2 competitive events per year, (iii) current active training for a 

competitive event.

As in the longitudinal study, body composition, exercise testing, echocardiography, P-

SAECG, and extended ambulatory telemetry monitoring were performed on all participants.

Statistical Analysis

Data were analysed using GraphPad Prism 7 for Windows. Data were expressed as means ± 

SD unless stated otherwise. Student’s T-test was used to detect differences after 10 months 

of exercise training as compared to yoga. A two-way ANOVA was used to examine within-

group and between-group differences only when there was a significant group by time 

interaction. A P value < 0.05 was considered statistically significant.

For the cross sectional comparison, a one-way ANOVA with post hoc testing (i.e. Bonferroni 

for homogenous variables or Dunnett T3 for non-homogenous variables) was used to detect 

differences between the athlete, exercise, and yoga groups. Kruskal Wallis test was used to 

assess differences in the frequency of PACs between the athletes and longitudinal study 

participants prior to commencement of training; ambulatory telemetry monitoring was only 

available at this time point. Relationships between variables were assessed with Pearson 

Correlation coefficients.

RESULTS

Participant Demographics

Table 2 shows baseline participant characteristics. Fifty-seven of 61 participants completed 

the 10 month training. One participant dropped out of the yoga program and 3 participants 

dropped out of the exercise training program (one man because of time constraints, a second 

man due to injuries not related to the study, and one woman dropped out before the start of 

training). Data were analysed for 57 participants in the longitudinal comparison (n= 26 for 

yoga, n=31 for exercise). The adherence rate to the 10 month exercise training program was 

86%. The exercise, yoga, and athlete groups were well-matched for age and body mass 

index. As expected, the athletes had a significantly lower percentage of body fat compared to 

sedentary participants.

Atrial arrhythmias

Athletes appeared to have an increased burden of PACs per 24 hours compared to the 

baseline sedentary adults though there was substantial variability in PAC burden so that this 

difference did not achieve levels of statistical significance (sedentary adults 24 ± 37 vs 

athletes 71 ± 125 PACs/24Hr, respectively; P = 0.21 ; Figure 1A). In athletes with a history 

of AF there was no significant difference in frequency of PACs per 24 hrs compared to those 

athletes without a history of AF. However, when excluding an outlier athlete with a 10 fold 

higher PAC burden than remaining athletes, there was a less compellingly higher burden of 

PACs in athletes with AF compared to those without (55 ± 5 vs 29 ± 11 PACs/24Hr, 

respectively; P = 0.67).
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Cardiorespiratory Fitness

Ten months of aerobic exercise training significantly increased peak V̇O2 by 20% (P < 

0.0001) without a change in the yoga group (P = 0.77; Figure 1B). Despite this marked 

improvement, the peak V̇O2 in the subjects after training remained substantially below that 

of the competitive athletes (P< 0.0001).

Echocardiography

3D Echocardiographic data was unavailable or of insufficient quality to measure volumes in 

4 patients in the yoga group, and 4 patients in the exercise group. Maximal LA volume 

indexed to body surface area (BSA) increased 18.5% in the exercise group, with no changes 

noted after yoga training (19.5 ± 4.6 to 23.1 ± 4.5 ml/m2 vs yoga 21.8 ± 4.4 to 22.6 ± 4.8 

ml/m2, P <0.0001; P interaction = 0.03; Figure 1C). The athletes had significantly higher LA 

volumes compared to both post-yoga and post-exercise training groups (46.3 ± 12 vs to 22.6 

± 4.8 vs 23.1 ± 4.5ml/m2 P < 0.0001, P interaction = 0.03; Figure 1C). Left atrial volume 

correlated with V̇O2 max for all subjects with a curvilinear relationship (Figure 2A). LA 

ejection fraction increased by 7.6% in the exercise group (50.4% ± 11.4 to 58.0% ± 10.9, 

P=0.005) with no change noted following yoga training (53.2% ± 8.6 to 52.8% ± 6.4, 

P=0.91).

Similar to changes noted in LA volumes, LVEDV indexed to BSA increased after exercise 

training by 16% (P=0.0001; Figure 1D). Athletes had significantly larger indexed LVEDVs 

compared to the post-exercise and post-yoga groups (P < 0.0001; Figure 1D). Indexed 

LVEDV also correlated with V̇O2 max for all subjects (Figure 2B).

After exercise training there was an 5% reduction in the contribution of the LA contractile 

phase to diastole, compared to no significant change after yoga training (41 ± 5.8 to 39 

± 7 % vs 41 ± 7.6 to 43 ± 5%, respectively; P = 0.03) (Figure 1E). Athletes had significantly 

lower LA active emptying percentages compared to post-intervention groups (P < 0.01; 

Figure 1E).

P-SAECG

Filtered p-wave duration did not change significantly after exercise or yoga training (P = 

0.99 Figure 1F). There was also no significant change in RMS20 after exercise or yoga 

training (P = 0.97; Figure 1G). The athlete group had a measured FPD that was significantly 

longer than the combined baseline sedentary adults (154 ± 24 vs 133 ± 21, P < 0.01; Figure 

1F). The measured RMS20 in the athlete group, however, was not different than the baseline 

sedentary adults (Figure 1G). There was no significant difference in FPD or RMS20 in the 

athletes with AF compared to those without AF.

DISCUSSION

The primary findings from this study were: a) Ten months of exercise training incorporating 

regular aerobic intervals in sedentary, healthy, middle aged adults that was sufficient to 

improve cardiorespiratory fitness led to commensurate left atrial and left ventricular 

remodeling; b) Despite participation in training regimens designed to be similar to those 
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practiced by endurance athletes shown to be at risk for atrial fibrillation, the degree of 

cardiac remodeling remained considerably below that observed in well trained, age matched 

endurance athletes; c) There was no detectable change in LA electrical function after 10 

months of exercise training; d) Both FPD and RMS20 in endurance athletes were not 

significantly different from the exercise group. Collectively these data suggest that 10 

months of intensive aerobic exercise training changes LA structural and mechanical function 

without a concomitant change in LA electrical function.

The apparent increased risk of AF in athletes presents a paradox. For example, the benefits 

of exercise in preventing cardiovascular risk factors for AF such as HTN, diabetes and 

obesity are well known 27. But there is growing evidence that long term endurance training 

is associated with an increased risk for AF in otherwise healthy adults especially by middle 

age. 34, 28–32 It has been proposed that LA enlargement, LV hypertrophy, increased vagal 

tone, chronic inflammation, and fibrosis, factors that encompass the “athlete’s heart”, 

contribute to the development of atrial arrhythmias in otherwise healthy adults. 31, 33–36 

However, the studies that have examined this idea are retrospective, and cannot separate 

cause from effect.

Effects of High Intensity Aerobic Exercise Training on Left Atrial Structure and Mechanical 
Function

As expected, aerobic exercise training with high intensity intervals increased V̇O2 max 

substantially in these healthy but previously sedentary middle aged adults.37 This increase in 

aerobic power was accompanied by a balanced increase in LA and LV volumes consistent 

with the eccentric hypertrophy seen in a similar high intensity training program in younger 

individuals 25.

LA dilatation is well documented in long term endurance athletes as a physiological 

adaptation to exercise and is an independent risk factor for AF 7, 33, 38, 39. Although there are 

a number of studies examining the change in LV morphology longitudinally with training, 

[45, 40, 41 the data regarding longitudinal changes in LA morphology with an exercise 

program are limited. In the present study, we used 3DE to most accurately assess atrial 

remodeling as it is less prone to variability given its automated border detection system, 

lower test-retest variability, and close agreement in accuracy with cardiac magnetic 

resonance imaging.42, 43.

We observed an increased maximal LA volume of 18.5% following a 10-month exercise 

program. Long term enlargement of the LA is due to intermittent hemodynamic stretch of 

the myocardium due to increased pressure and volume load during exercise 44. As described 

elegantly by La Gerche, during exercise, the time the heart spends in diastole is reduced by 

half, meaning that the AV valves are closed for a proportionally longer period of time. This 

results in an increase in atrial pressure and contractility which leads to more atrial 

deformation during intense exercise to meet the requirement of increased circulatory flow 44. 

An increase in total blood volume and LA active filling, combined with increased LA 

pressure due to the proportionally longer time the AV valves are closed lead to increased LA 

distension during exercise and atrial remodeling. Left atrial dilatation without concomitant 

wall thickening may lead to increased wall stress and a decrease in active emptying 
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percentage. Several studies suggest a dose-response effect with more cumulative years of 

training associated with increasing LA volumes 7, 29, 39. The finding of higher LA volumes 

in our triathlete group with an average training duration of 10 years supports this idea.

Of particular interest regarding the observed and well documented LA enlargement in 

endurance athletes is the “dose” (duration and intensity) of training required for the 

structural remodeling to begin. A study of already competitive adolescent soccer players 

enrolled in an 8 month training program demonstrated a LA volume increase of 8.95 ± 4.47 

mL/m2.45 We observed an increase of 3.6 ± 3.7 mL/m2 in previously sedentary middle aged 

adults with much lower baseline cardiorespiratory fitness following 10 months of exercise. 

Our study therefore suggests that LA enlargement is an early adaptation to endurance 

training, influenced both by duration and intensity of training.

In this study, LA ejection fraction was noted to increase in response to exercise, likely as a 

function of an increased maximal LA volume (reservoir function) without a change in 

minimal LA volume. However, there was also a significant change in the conduit and 

contractile phases of LA emptying. In the present study, exercise training resulted in 

augmented LA passive emptying (conduit phase) and decreased reliance on active emptying 

(contractile phase). These findings are in agreement with other studies that endurance 

training results in decreased LA active emptying, likely due to diastolic suction. 21 More 

importantly, we also demonstrate that 10 months of aerobic exercise with high intensity 

intervals is sufficient to decrease LA active emptying similar to long term endurance 

competitive athletes. Improved LA compliance and LV relaxation are factors known to 

contribute to decreased LA contractile contribution.43 LV diastolic compliance is also a 

determinant of LA contractile function. Although LV diastolic compliance was not directly 

assessed in this study, previous studies in our laboratory have demonstrated that masters 

athletes have LV diastolic compliance similar to the young.46 LV morphologic changes 

associated with exercise begin with concentric hypertrophy followed by eccentric 

hypertrophy, with significant changes in LVEDV being observed at around 6 months after 

the start of exercise training.25 The enlarged LV in endurance athletes is also more compliant 

and therefore able to adapt to the increased preload associated with endurance exercise.47 

Our findings of decreased contribution of active LA emptying during diastole suggest a 

balanced atrioventricular remodeling due to endurance training that influences both the LA 

reservoir function (LA volume) and the emptying function.

Left Atrial Electrical Function after Exercise Training

Despite the LA enlargement, filtered p-wave duration did not increase with exercise training 

contrary to our hypothesis. After 10 months of aerobic exercise training there was no 

difference in FPD between the exercise and yoga group before and after training.

Altered LA substrate with the formation of LA fibrosis leads to intra-atrial conduction delay 

with subsequent prolongation of FPD 48. In addition, autonomic remodeling with increased 

vagal tone has been shown to begin early after the initiation of a moderate endurance 

training program. 49 Increased vagal tone due to long term endurance training is associated 

with frequent PACs, which may then trigger atrial fibrillation in some athletes. There seems 

to be a threshold in cumulative training hours in order for changes in LA electrical function 
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to be manifested. A recent study found a U-shaped dose response between cumulative 

lifetime endurance training hours and the risk for AF (>2000 hrs associated with increased 

risk), though LA electrical function was not evaluated.50 A study on marathon runners found 

that cumulative lifetime training hours > 4500 hrs is associated with a significantly increased 

vagal tone, prolonged FPD and more frequent PACs not evident in lesser cumulative training 

hours. 7 Compared to our study, these endurance athletes had a longer mean duration of 

training (22 years).

It is therefore possible that while our exercise training intensity and duration of 10 months 

was sufficient to initiate a process of autonomic remodeling, it may have been below the 

threshold necessary for the manifestation of increased atrial ectopy and alteration of LA 

substrate evident by a prolonged FPD.

STUDY LIMITATIONS

Our study had a number of limitations. First, the small sample size of endurance athletes 

may have limited our ability to detect changes in atrial ectopy associated with long term 

endurance training. Previous studies have reported prolonged filtered p-wave duration and 

frequent PACs in endurance athletes. While our study did show a significantly increased 

FPD between athletes and baseline sedentary adults, there was only a trend towards 

significance for increased PAC burden in athletes compared to baseline sedentary adults, and 

no difference between athletes with and without AF. However, we were only able to recruit 

14 athletes, and just 4 athletes with atrial fibrillation as part of the study. We powered our 

study based on a recent study evaluating LA volumes, P-SAECG and frequency of PACs in 

middle aged long term marathon runners.7 We estimated that in order to detect a 6 ml/m2 

difference in LA volume between the previously sedentary cohort and the endurance 

athletes, with a standard deviation of 6 ml (type 1 error of 0.05, power 0.80), we needed to 

study 10 middle aged endurance athletes. In our present study, we did in fact find a 

significant difference in LA volume between the previously sedentary adults and the 

endurance athletes.

Second, in our inclusion criteria we recruited endurance athletes with a minimum of 5 years 

of endurance sports training and competition. Increased PAC burden may require a longer 

duration of cumulative training years prior to manifestation; additionally, frequent PACs 

may not occur in all endurance athletes due to influence from other factors, including 

genetics.

Third, the population of our endurance athletes was a heterogeneous mixture. A larger 

sample size of athletes participating only in marathon running, cycling, or swimming might 

have improved the study’s ability to detect changes PAC burden. However, this population 

did include a significant number or triathletes with a high volume of training, including 

swimming, which may increase LA pressure from water immersion, thereby maximizing LA 

remodeling.
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CONCLUSIONS

Ten months of aerobic exercise training with high intensity aerobic intervals causes changes 

in left atrial structure and function in previously sedentary middle aged adults. The 

contribution of left atrial active emptying in diastole decreases after 10 months of exercise 

training, similar to that of long term endurance athletes, and is coexistent with the 

development of left ventricular remodeling. Despite changes in left atrial structure and 

mechanical function after only 10 months of exercise training, there were no clear changes 

in atrial electrophysiology; a longer duration or dose of training may be required to induce 

left atrial electrical changes thought to be causative of the increased risk of atrial fibrillation 

in endurance athletes.
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What is known?

• Exercise mitigates many cardiovascular risk factors for atrial fibrillation such 

as hypertension, diabetes mellitus, and obesity.

• There is however an increasing amount of literature suggesting an association 

between endurance training and an increased risk for atrial fibrillation.

What the study adds?

• Very few prospective studies employing an aerobic exercise training program 

with high intensity aerobic intervals have been done to assess the progressive 

LA structural, mechanical and electrical changes that lead to atrial fibrillation 

associated with endurance training.

• Regular high intensity aerobic exercise may lead to LA structural and 

mechanical changes such as increased LA volumes during the 10-months 

study period, but it may take longer duration of high intensity endurance 

training to develop LA remodeling and electrical changes that increase the 

risk for AF in athletes with structurally normal hearts
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Figure 1. 
Differences between PACs/24Hrs in combined yoga/exercise pre and athletes (A). 

Differences between the three groups with changes in individual values Pre and Post Yoga 

and Exercise training for (B) V̇O2 max, (C) LA volume index, (D) LV end-diastolic volume 

index, (E) LA active contribution to LV diastolic filling, (F) Filtered P- wave duration, (G) 

RMS20 Pre and Post values shown for Yoga and Exercise training groups.

Opondo et al. Page 19

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Relationship between V̇O2 max and (A) LA Volume index, (B) LV end-diastolic volume 

index

Opondo et al. Page 20

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Opondo et al. Page 21

Ta
b

le
 1

E
xe

rc
is

e 
Pr

es
cr

ib
ed

 o
ve

r 
a 

10
 m

on
th

 p
ro

gr
am

M
on

th
B

as
e 

P
ac

e
M

ax
im

al
 S

te
ad

y 
St

at
e

In
te

rv
al

s
R

ec
ov

er
y

St
re

ng
th

 T
ra

in
in

g

1
12

@
 3

0 
m

in
N

on
e

N
on

e
N

on
e

N
on

e

2
12

@
 3

0 
m

in
2 

@
 3

0 
m

in
N

on
e

N
on

e
8/

m
on

th

3
8 

@
 3

0 
m

in
4 

@
 3

0 
m

in
4 

se
ss

io
ns

 o
f 

4 
m

in
 “

on
” 

3 
m

in
 “

of
f”

4 
@

 3
0 

m
in

8/
m

on
th

4
2 

@
 3

0 
m

in
/2

 @
 4

5 
m

in
/2

 @
 6

0 
m

in
4 

@
 3

0 
m

in
4 

se
ss

io
ns

 o
f 

4 
m

in
 “

on
” 

3 
m

in
 “

of
f”

4 
@

 3
0 

m
in

8/
m

on
th

5
2 

@
 3

0 
m

in
/4

 @
 6

0 
m

in
4 

@
 3

0 
m

in
6 

se
ss

io
ns

 o
f 

4 
m

in
 “

on
” 

3 
m

in
 “

of
f”

4 
@

 3
0 

m
in

8/
m

on
th

6 
to

 9
4 

@
 3

0 
m

in
/4

 @
 6

0 
m

in
N

on
e

8 
se

ss
io

ns
 o

f 
4 

m
in

 “
on

” 
3 

m
in

 “
of

f”
4 

@
 3

0 
m

in
8/

m
on

th

10
 to

 2
4

4 
@

 3
0 

m
in

/4
 @

 6
0 

m
in

2 
@

 3
0 

m
in

4 
se

ss
io

ns
 o

f 
4 

m
in

 “
on

” 
3 

m
in

 “
of

f”
4 

@
 3

0 
m

in
8/

m
on

th

B
as

e 
pa

ce
: 1

–2
0b

pm
 <

 M
SS

zo
ne

, M
SS

: V
T

H
R

 ±
5b

pm
, ~

 8
5–

90
%

 o
f 

H
R

m
ax

, I
nt

er
va

ls
: ≥

 9
5%

 o
f 

Pe
ak

H
R

, R
ec

ov
er

y:
 <

 B
as

e 
Pa

ce
)

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2019 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Opondo et al. Page 22

Ta
b

le
 2

B
as

el
in

e 
C

ha
ra

ct
er

is
tic

s

C
ha

ra
ct

er
is

ti
cs

Y
og

a 
G

ro
up

E
xe

rc
is

e 
G

ro
up

A
th

le
te

s

n
27

34
14

A
ge

, y
ea

rs
51

 ±
 6

53
 ±

 5
52

 ±
 4

M
en

13
16

11

W
om

en
14

18
3

H
ei

gh
t, 

cm
16

9.
5 

±
 9

.5
16

9.
5 

±
 1

0
17

4.
8 

±
 8

.2

W
ei

gh
t, 

kg
75

.6
 ±

 1
4.

9
75

 ±
 1

4
76

 ±
 1

0.
4

B
M

I,
 k

g/
m

2
26

.1
 ±

 3
.5

25
.9

 ±
 3

24
.7

 ±
 2

.3

B
od

y 
Fa

t, 
%

32
.9

 ±
 7

.2
*

32
.2

 ±
 7

*
27

 ±
 4

L
ea

n 
B

od
y 

M
as

s,
 k

g
51

 ±
 1

1
51

 ±
 1

1
55

 ±
 9

.9

SB
P,

 m
m

H
g

12
3 

±
 8

11
9 

±
 7

*
12

7 
±

 9

D
B

P,
 m

m
H

g
74

 ±
 6

72
 ±

 5
72

 ±
 6

M
A

P,
 m

m
H

g
90

 ±
 6

87
 ±

 5
90

 ±
 6

Pu
ls

e 
Pr

es
su

re
, m

m
H

g
49

 ±
 5

48
 ±

 6
54

 ±
 7

PA
C

s/
24

 h
ou

rs
14

 ±
 1

3
30

 ±
 4

6
66

 ±
 1

27

V
O

2 
M

ax
, m

L
/k

g/
m

in
30

 ±
 4

.9
*

29
 ±

 4
.7

*
50

 ±
 4

.5

* P 
va

lu
e 

<
 0

.0
5 

vs
. A

th
le

te
s

† B
od

y 
co

m
po

si
tio

n 
m

ea
su

re
s 

de
ri

ve
d 

by
 H

yd
ro

st
at

ic
 te

st
in

g

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2019 May 01.


	Abstract
	INTRODUCTION
	METHODS
	Subjects
	Exercise Testing
	Echocardiography
	P-wave Signal Average Electrocardiogram (P-SAECG)
	Exercise Training
	Yoga
	Endurance Athletes
	Statistical Analysis

	RESULTS
	Participant Demographics
	Atrial arrhythmias
	Cardiorespiratory Fitness
	Echocardiography
	P-SAECG

	DISCUSSION
	Effects of High Intensity Aerobic Exercise Training on Left Atrial Structure and Mechanical Function
	Left Atrial Electrical Function after Exercise Training

	STUDY LIMITATIONS
	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Table 1
	Table 2

