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Keywords:
 Background: Atrial arrhythmias occur at a higher than expected prevalence amongst endurance athletes. Few

studies have examined both atrial structure and arrhythmias in middle-aged endurance athletes. We examined
the relationship between P-wave duration, atrial dimensions, and the presence of atrial ectopy in long-standing,
middle-aged endurance athletes.
Methods:Middle-aged athletes with a minimum of 10 years of competitive endurance sport history and no his-
tory of structural heart disease or clinical atrial arrhythmias, had 12-lead ECGs to assess P-wave duration, signal-
averaged ECGs (SAECG) to assess filtered P-wave duration, a 24 h Holter monitor to assess atrial ectopy, and
echocardiography and cardiac magnetic resonance imaging to assess atrial structural characteristics.
Results:Amongst endurance athletes (n=104;mean age=54±5years; 63%male),filtered P-wave duration on
SAECG was correlated with P-wave duration on 12-lead ECG (r = 0.36, p, 0.0001), as well as with larger CMR-
derived RA areas (r=0.30, p=0.01) and volumes (r=0.24, p b 0.05). Therewas no correlation between filtered
P-wave duration and any LAmeasures on imaging (p N 0.05). There was no correlation between the incidence of
atrial ectopy (premature atrial contractions or atrial tachycardia) and any electrocardiographic or structuralmea-
sures.
Conclusion: Longer filtered P-wave duration was associated with larger RA areas and volumes, without an in-
crease in atrial ectopy.

© 2019 Elsevier Inc. All rights reserved.
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Introduction

Atrial fibrillation (AF) represents themost common clinically signif-
icant arrhythmia; its prevalence increaseswith age, affecting nearly 10%
of those over the age of 80 [1,2]. Although AF occurs most commonly in
the context of structural heart disease, atrial arrhythmias including AF
occur at a higher than expected prevalence in healthy endurance ath-
letes [3–20], with AF incidence over 5-fold higher amongst athletes as
compared with controls [21]. Atrial flutter also occurs with greater fre-
quency amongst athletes than sedentary controls [19,22], though the
data describing this relationship is less robust.

Atrial enlargement, consistently linked to AF by a mechanistically
unclear association, is also frequently reported in endurance athletes
chael's Hospital, 30 Bond Street,
[9,10,23], typically reflecting reversible, hemodynamically advanta-
geous remodelling; however, exercise-induced atrial enlargement
may also serve as a pro-arrhythmic substrate [5–9,11–16]. As a result,
the association between the degree of atrial enlargement and the pro-
pensity to develop AF may be different in athletes versus non athletes.

Electrocardiographic changes occur in left atrial disease, including
increased P-wave duration and increased P-wave depth in lead V1.
These changes correlate with atrial enlargement and fibrosis, and may
precede structural changes; as such, they predict an increased risk of
atrial arrhythmia. In addition, atrial ectopy (premature atrial contrac-
tions, atrial tachycardia) is associated with concomitant AF or its future
development [24]. This study sought to determine the relationship be-
tween P-wave duration, atrial size, and the presence of atrial ectopy in
long-standing, middle-aged endurance athletes. We hypothesized that
slower intra-atrial conduction, manifesting as increased P-wave dura-
tion, would be associated with larger atrial size and increased atrial
ectopy or fibrillation in athletes with no history of arrhythmia.
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Furthermore, we anticipated that this association would be more
marked in athletes with a higher long-term vigorous exercise burden,
controlling for age and gender.

Methods

General study procedures

Middle-aged adults (45–65 years old) were recruited using local
community advertisements. Eligible participants had a minimum 10-
year history of year-round endurance exercise involving sub-elite train-
ing and competition (including half-marathons, full-marathons, long-
distance cycling events of N100 km, and/or half- or full-ironman dis-
tance triathlons). All eligible participants provided written informed
consent prior to study participation. Participants were asked to abstain
from caffeine (12 h), alcohol (12 h), and exercise (24 h) prior to their
study visit. All participants were assessed at the same time of day. Ini-
tially, a detailed medical and sport history was obtained, and physical
examination was performed by a cardiologist. Participants were ex-
cluded from this study if they reportedN4h perweekof resistance train-
ing, a relevant clinical history (including atrial fibrillation or flutter,
coronary disease, valvular disease, syncope, heart failure, diabetes,
asthma, thyroid disorder, chronic inflammatory disease), use of
cardioactive and/or recreational drugs, or consumption of ≥5 units of al-
cohol per day. The study was approved by the institutional research
ethics boards and was in full conformity with the Helsinki Declaration
on the use of human participants.

Resting electrocardiogram (ECG)

A trained technician performed a resting 12-lead ECG and signal-
averaged ECG to obtain the p-wave and filtered p-wave duration, re-
spectively. Standard electrode placement was used. ECG and SAECG
were recorded using a commercially available system (General Electric
MarquetteMedical Systems Inc., Milwaukee,Wisconsin, USA)with par-
ticipants in a supine position. The p-wave duration from the 12-lead
ECG was measured in triplicate by a single, trained observer, as was
the amplitude of the negative deflection in lead V1. This was performed
assuming the baseline to be the isoelectric line following the T-wave
and preceding the onset of the p-wave, and measuring the distance be-
tween this baseline and the nadir of the p-wave. The mean filtered p-
wave duration was calculated by the proprietary software from the sys-
tem and was visually verified.

24-hour Holter monitoring

A continuous 24-hour ECGwas obtained using an ambulatory Holter
monitor (General Electric SEER-1000). Participants were instructed to
perform activities of daily living, with the exception of exercise training.
Data were verified for wear time and activity level, to ensure compli-
ance. Tracings were assessed as per standard protocol, to identify and
quantify presence of premature atrial and ventricular extrasystolic
beats, and runs of tachycardia (e.g. three or more sequential premature
beats). Incidence of ectopic beats was also logged by hour of day to as-
sess diurnal distribution. Suspected episodes of atrial fibrillation were
visually assessed and logged based on heart rate irregularity and ab-
sence of P-waves.

Cardiopulmonary exercise testing

Graded treadmill exercise testing was performed to exhaustion to
assess maximal oxygen consumption (VO2max) with expired gases col-
lected using ametabolic cart (MoxusModularVO2 system,Applied Elec-
trochemistry Inc., Pittsburgh, PA). VO2max was determined by a plateau
in oxygen consumption despite an increase in work rate, with second-
ary measures confirming maximal effort, including the attainment of
age-predicted maximal heart rate and a respiratory exchange ratio of
1.15 or higher.

Resting echocardiogram

Echocardiographic images (Vivid 7; GE Healthcare, Canada; M4S
probe) were acquired by a trained sonographer from standard
parasternal, apical, and subcostal windows (frame rate: 60–80 frames
per second)with participants positioned in the left lateral decubitus po-
sition on an imaging table (Model 96039, American Echo, Kansas City,
MO). Images were acquired with ECG gating using a 3-lead ECG. Amin-
imum of three cardiac cycles was captured and averaged for analysis.
System settings were adjusted to produce an optimal signal-to-noise
ratio and endocardial definition. Data were analyzed offline by a single
trained observer using a commercially available proprietary worksta-
tion (EchoPAC, Version 7, GE Healthcare). Right atrial size was deter-
mined in the apical four-chamber view, using the single-view area-
lengthmethod. The biplane area-lengthmethod was used to determine
the 2D left atrial size. The proprietary software computed left atrial vol-
ume based on the tracing of the endocardial border in both the apical
four- and two-chamber views. For each atrium, atrial maximum
(RAMAX, LAMAX), minimum (RAMIN, LAMIN), and pre-contraction
(RAPRE-A, LAPRE-A) volumes were derived. Passive emptying of each
atrium was defined as the difference between the maximum and pre-
contraction volumes. Active emptying of each atrium was defined as
the difference between the pre-contraction and minimum volumes.
Reservoir volumewas defined as the difference between themaximum
and minimum volumes. The total emptying fraction of the left atrium
was calculated [(LAMAX − LAMIN)/LAMAX], as were the passive [(LAMAX

− LAPRE-A)/LAMAX] and active emptying fractions ([LAPRE-A − LAMIN]/-
LAPRE-A), respectively. The same calculations were performed for the
right atrium.

Cardiac magnetic resonance imaging and analysis

Cardiac morphology and resting function was assessed using high-
resolution cardiac MRI (CMR). Participants were asked to refrain from
exercise on the day of their scan. A resting CMR was performed using
a 3.0 T MRI scanner (Siemens MAGNETOM Skyra 3.0 T with TIM and
DOT technology) with a phased-array cardiac coil and retrospective
vectorcardiographic gating. One of two blinded operators completed
each scan. Steady-state free precession images were obtained during
breath-holds at end-expiration, with the participant in the supine posi-
tion. Late gadolinium enhancement (LGE) images were acquired ap-
proximately 10 min after gadolinium injection (0.1–0.2 mmol/kg;
Multihance Bracco Diagnostic Inc. Princeton, NJ) using a 3D inversion
recovery prepared, respiration navigated, ECG gated, gradient echo
pulse sequence,with fat saturation. Cine imageswere acquired to obtain
a contiguous transverse short-axis stack (slice thickness of 8 mm, no
gaps) covering the RA and LA, from the base of the heart to the apex.
Twenty-five images per cardiac cycle were obtained at the end-tidal
breath hold.

CMR analysis was performed using commercially available software
(CVi42; Circle Cardiovascular Imaging, Calgary, AB, Canada) by one ob-
server (M.G.) blinded to subject identity. Simpson's slice summation
method was used for volumetric assessment (summation of outlined
areas ∗ slice thickness). In all subjects, RA and LA maximum and mini-
mum volumes were manually traced through delineation of the atrial
endocardial borders in all cardiac phases. Both right and left atrial ap-
pendages were included, while the venae cavae and pulmonary veins
were excluded. RA and LA maximum volumes were determined on
the image immediately prior to ventricular diastolic filling, and immedi-
ately prior to the opening of the tricuspid and mitral valves, respec-
tively. The RA and LA minimum volumes were determined on the
image immediately following atrial systole, just following closure of
the corresponding atrioventricular valve. A straight line was drawn
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between the leading edge of the tricuspid ormitral valve annulus, to de-
termine the atrioventricular plane in the RA and LA, respectively. The
frames with maximal and minimal volumes were selected indepen-
dently. Maximal and minimal volumes were used to calculate atrial
stroke volume (maximal volume−minimal volume), and ejection frac-
tion (stroke volume ∗ 100%/maximal volume).

The SAECG, 24-hour Holter, echocardiogram, and CMR were all
interpreted independently of each other, and blinded to the partici-
pants' exercise history.

Statistical analysis

Descriptive statistics are reported as mean ± standard deviation
(SD), given normal distribution. Pearson r correlation was performed
to examine the individual factors associated with filtered P-wave dura-
tion on the SAECG. A linear regression model using a maximum likeli-
hood algorithm for variable selection was used to determine the
multiple factors associated with filtered P-wave duration on the
SAECG. Statistical significance was determined a priori (p b 0.05). All
analyseswere performed using SAS software (version 9.4; SAS Institute,
Cary, NC).

Results

Participant demographics

A total of 89 middle-aged, normotensive athletes (69% male) com-
pleted the study. According to patient reported exercise diaries, the
Table 1
Descriptive characteristics.

End
ath
=

Demographics
Age, y 54
VO2max, ml/kg/min 49
Body mass index (BMI), kg/m2 23
Body surface area (BSA), m2 1.8
Resting systolic blood pressure, mm Hg 114
Resting diastolic blood pressure, mm Hg 74

Standard electrocardiographic (ECG) indices
P-wave duration, ms 101
Positive amplitude, mm 0.0
Negative amplitude, mm 0.0
P wave length, mm 39
PR interval, ms 173
QRS duration, ms 95
QT interval, ms 447
QTc interval, ms 407

Signal-averaged electrocardiographic (SAECG) indices
Filtered p-wave duration, ms 135
Filtered QRS duration, ms 113

Holter monitor (n = 80; reported as median (interquartile range: q1, q3))
Number of isolated atrial premature beats, beats per hour 19(

n =
Number of atrial tachycardia runs, beats 0(0

n =
Number of beats in atrial tachycardia runs, beats 5(3

n =
Number of isolated ventricular premature beats, beats per hour 4(0

n =
Number of ventricular tachycardia runs, beats 0(0

n =
Number of beats in ventricular tachycardia runs, beats 4(3

n =

* denotes pb0.05, # denotes pb0.0001
average hours of exercise per week were 9.1 ± 4.4 h, consistent over a
10-year period. Heterogeneity in the cohort was attributed to the fact
that runners, cyclists, and triathletes participated in the study. More ob-
jectively reflecting level of conditioningwas the VO2maxmeasured, with
average values above the 90th percentile (Table 1). None of the patients
had known structural heart disease or arrhythmia. On standard 12-lead
ECG, transthoracic echocardiography, and CMR assessment, there were
no pathologic abnormalities noted. All atrial linear measures and areas
were within normal range, as were indexed volumes (Table 1).

Electrocardiographic and Holter assessments

Holter monitoring revealed highly variable degrees of atrial ectopy
(Table 1). No trends in diurnal distribution of ectopy were noted. No
subject had sustained (N30 s) atrial tachycardia or atrial fibrillation.
There was no correlation between P-wave duration, either on standard
ECG nor SAECG, and ectopy (Fig. 1). The presence of non-sustained sup-
raventricular or ventricular runs was not associated with CMR-derived
atrial size or volume indices (p = 0.05 for all).

Electro-structural correlations

There were significant correlations between a longer SAECG filtered
P-wave duration and longer 12-lead ECG P-wave duration (r=0.36, p b
0.0001) (Fig. 2), older age (r=0.36, p b 0.0001), higher BMI (r=0.24, p
= 0.02), as well as CMR-derived indices of RA maximum volume
(indexed; r = 0.24, p b 0.05) and RA area as measured in 4-chamber
views (r= 0.30, p=0.01). Weaker correlations were present between
urance
letes (all; n
89)

Male
endurance
athletes (n =
61)

Female
endurance
athletes (n =
28)

± 5 54 ± 5 53
± 8 50 ± 8 47 ± 7
± 3 24 ± 3* 22 ± 3
4 ± 0.20 1.94 ± 0.13# 1.63 ± 0.14
± 15 119 ± 15# 104 ± 9

± 10 77 ± 9# 67 ± 10

± 19 105 ± 15* 92 ± 23
5 ± 0.03 0.05 ± 0.04 0.05 ± 0.03
5 ± 0.04 0.05 ± 0.04 0.04 ± 0.04
± 25 44 ± 25* 29 ± 22
± 28 179 ± 30* 155 ± 24

± 9 98 ± 8* 89 ± 8
± 37 443 ± 38 456 ± 35
± 22 402 ± 22* 416 ± 20

± 24 141 ± 20* 122 ± 26
± 8 116 ± 6# 106 ± 8

8,47)
80

16(8,49)
n = 55

23(8,37)
n = 25

,1)
80

0(0,1)
n = 55

0(0,2)
n = 25

,6)
33

5(3,6)
n = 24

4(3,6)
n = 9

,11)
80

4(1,10)
n = 55

5(0,19)
n = 25

,0)
80

0(0,0)
n = 55

0(0,0)
n = 25

,5)
6

5(4,6)
n = 4

4(3,4)
n = 2



Fig. 1. Weak association between filtered P-wave duration and number of supraventricular beats.
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longer SAECGfiltered P-wave duration and echo-derived RAarea during
both systole and diastole (r = 0.29, p = 0.007; r = 0.28, p = 0.01, re-
spectively), and indexed RA volume (r = 0.24, p = 0.03; r = 0.22, p
=0.04, respectively) at end-systole and end-diastole. Therewas no cor-
relation between filtered P-wave duration and any LAmeasures of area
or of volume by either CMR or echocardiography (Fig. 3).

In sex-based univariate analysis, males (vs females) had a higher
body mass index, body surface area, and resting systolic and diastolic
blood pressures, but no difference in age and VO2max. On ECG assess-
ment, males compared to females also had a longer P-wave duration,
PR-interval, QRS duration, QTc interval, and SAECG filtered P-wave
and QRS durations. On CMR assessment, no sex-related differences in
atrial indiceswere observed,with the exception ofmales having a larger
RA area and RA minimum indexed volume (Table 1).

Multivariable regression analysis examined the relationship be-
tween CMR-derived RA area and filtered P-wave duration, with age
and sex selected as co-variables a priori. A greater RA area and older
age were independently associated with longer filtered P-wave dura-
tion, while controlling for male sex (Table 2).
Fig. 2. Bland-Altman plot of P-wave duration
Discussion

In this study of sub-elite, middle-aged endurance athletes, a weak
associationwas observed between standard ECG and SAECGP-wave pa-
rameters. There was no association observed between any electrocar-
diographic or structural measures, and atrial ectopy. Prolonged filtered
P-wave duration on SAECG was associated with RA enlargement but
not LA dimensions, as measured by CMR.

Electrocardiographic correlations

Although both standard surface and signal-averaged electrocardiog-
raphy can be used to determine P-wave duration, they do so along dif-
ferent axes, with the potential to provide complementary, rather than
confirmatory information. Furthermore, during acquisition of the
SAECG, averaging of signals (thereby enhancing the signal to noise
ratio) allows inclusion of very low-amplitude signals which would be
overlooked on standard 12 lead ECG where such low-amplitude deflec-
tions would be masked by or attributed to artefact. Due to these
on 12-lead ECG and signal-averaged ECG.
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Fig. 3. Association between right atrial area on CMR and signal-averaged filtered P-wave
duration (r = 0.30, p= 0.01).
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differences, themodest correlation between standard ECG and SAECG is
not entirely surprising. P-wave duration measured by SAECG was con-
sistently longer than that obtained by standard 12-lead ECG.

With regard to atrial ectopy, 100% of subjects had any atrial ectopy,
and 41% of subjects had runs of nonsustained atrial tachycardia.
Sustained tachycardia was not noted in any subjects. It is possible that
a longer duration ofmonitoringwould have revealed a higher incidence
of both atrial ectopy and sustained arrhythmia. In patients with no
known history of sustained arrhythmia, 24-hour Holter monitoring
would be expected to detect more frequent atrial events such as PACs.
Neither the number of atrial ectopic beats per hour, nor the number of
nonsustained atrial tachycardia events correlated with P-wave dura-
tion, either on surface ECG or SAECG (Table 1).

Associations between atrial electrical activity and structure

Prolonged filtered P-wave duration on SAECG was associated with
RA enlargement but not LA dimensions, as measured by CMR. CMR is
the gold-standard for quantifying cardiac chamber morphology. Not
only is image quality maintained in the face of adjacent air-filled or
bony structures, measurement is less operator-dependent. Moreover,
volume determinations do not assume geometric assumptions and are
therefore true 3D volumetric estimations. However, the utility of MRI
is limited by longer acquisition time, cost, and incompatibility with fer-
romagnetic implants.

Increased LA size, exceeding indexed LA volumes of 34 mL/m2, as
measured by echocardiography, has been demonstrated in a high per-
centage (67%) of athletes [25], prompting the European Association
for Cardiovascular Imaging to advise that the upper limit of normal of
the LA-anteroposterior diameter be increased to 45 mm and 50 mm in
female and male athletes, respectively [10,26].

Although fewer studies have assessed the right-sided chambers in
athletes, similar observations have been noted using CMR, and in both
3D and 2D echocardiography [27–31].

Zaidi et al. [32] have previously assessed right-sided chamber re-
modelling in young athletes, demonstrating consistently larger cham-
ber sizes in athletes when compared with sedentary controls,
regardless of ethnicity. BSA was found to be the strongest predictor of
RV size; thus it was suggested that all RV measures be indexed
Table 2
Regression analysis of factors associated with filtered p-wave duration.

Parameter estimate
standard error (EST

CMR-derived RA area (4-chamber), cm2 0.9[0.4]
Age, y 2.1[0.4]
Male sex 6.0[5.9]
accordingly and by extension, this recommendation was applied to
measures of RA area.

Despite the emerging body of data assessing atrial size in athletes,
there has been little published describing SAECG assessment of atrial
depolarisation, particularly in athletes, where most studies have fo-
cussed upon the QRS complex. To our knowledge, no studies have de-
scribed the relationship between P-wave measurement on SAECG and
imaging parameters in athletes. The modest correlation observed sug-
gests that the 12-lead ECG, SAECG, andMRI volumes are measuring dif-
ferent aspects of remodelling, which likely encompasses both structural
and electrical alterations. Given that P-wave durationmeasures conduc-
tion time; it reflects both conduction velocity and the distance over
which the depolarisation occurs. Conduction slowing in the atrium, pro-
ducing longer P-wave duration, may be due to a combination of atrial
electrical remodelling (due to ionic remodelling, gap junction remodel-
ling, and changes in myocyte fibre orientation), in addition to atrial
chamber enlargement.
Associations between intra-atrial conduction and atrial structural adapta-
tions in endurance athletes

LA enlargement has been well-documented amongst endurance
athletes, with changes noted within a year of consistent endurance ex-
ercise training [10,23,33–35], and to a lesser extent, reflecting the dura-
tion of intense training [10,34,36]. Atrial enlargement per se, is unlikely
to induce a proarrhythmic state; where arrhythmia and atrial enlarge-
ment co-exist, there is likely some degree of atrial structural abnormal-
ity (such as increased collagen or interstitial edema), the latter perhaps
manifesting as decreased atrial active emptying [37,38]. It is common to
see left atrial enlargement, fibrosis and dysfunction amongst patients
with AF.

A recent study by McNamara et al. demonstrated that 24 months of
high-intensity exercise training induced structural changes in left-sided
chambers, involving the LAmore so than the LV, without inducing elec-
trical changes as assessed by SAECG and Holter monitoring [39]. The
right sided chambers were not assessed.

In contrast, the present study did not reveal structural LA abnormal-
ities; however, increased RA areas and volumes correlated moderately
with increased P-wave duration on SAECG. This is likely the result of
P-wave duration being measured along three axes on the SAECG,
which may allow some separation or distinction of the contribution of
each atrium to the P-wave as a whole. On a standard 12-lead ECG, RA
depolarisation ismasked by that of the LA,which occurswith some tem-
poral delay. With this in mind, it is of value to consider the possibility
that P-wave duration may also reflect longer RA-to-LA depolarisation
times, or that RA changesmay be amarker for concomitant LA electrical
remodelling resulting in prolonged depolarisation of both atria.

While a wealth of data clearly demonstrates that right-sided cham-
ber enlargement remains a component of the “athlete's heart,” its rela-
tionship to arrhythmia has not been consistently established.
Furthermore, whether or not RA remodelling has similar proarrhythmic
effects to LA remodelling in athletes with AF remains to be determined.
Both RA and RV dimensions are larger in elite endurance athletes, when
compared with age- and sex-matched strength athletes and controls
[27,40]. In this cohort, peak atrial longitudinal and contraction strain
values were also reduced.
and
[SE])

Confidence
limits (95%)

p-Value

0.1,1.71 0.03
1.2,3.0 b0.0001
−17.4,5.5 0.31
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Clinical implications

Although the geometric effect of RA volume loading may bear some
similarity to pressure loading of the LA, one cannot presume that such
effects on atrial function and structure at themicroscopic level are com-
parable. Atrial fibrosis is difficult to objectively determine with current
imaging technology, and electric remodelling, in the absence of invasive
electrophysiologic studies, is similarly difficult to confirm. It remains
unclear if prolonged P-wave duration in athletes represents chamber
enlargement, slowed conduction velocity due to fibrosis or ion channel
remodelling, or both.

Conclusion

Amongst amateur middle-aged endurance athletes, filtered P-wave
duration on SAECG was correlated with RA size as measured by CMR.
We speculate that this reflects a combination of both atrial electrical
and structural remodelling.

Limitations

We focused on middle-aged adults with no prior history of cardio-
vascular disease. This represents a specific subject cohort; findings can-
not be extrapolated to cohorts of patients with clinically apparent
structural changes not observed in our data set. A short monitoring pe-
riodwas used, likely limiting sensitivity of arrhythmia detection. This, in
addition to size of the cohort studied, may result in the study being un-
derpowered to draw conclusions regarding significant electro-
structural relationships. Larger studies involving longer-durationmoni-
toringmay bewarranted to facilitate detection of less frequent arrhyth-
mic events. A sedentary control group was not included in this study;
nonetheless, normative values suggest that our cohort had physiologic
remodelling likely reflecting a long-standing history of endurance exer-
cise [34,35]. Future studies including exercising adults with atrial fibril-
lation are warranted.

In addition, the predictive value of observed changes on SAECG re-
mains to be elucidated, and further studies would be required to inves-
tigate their significance.
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