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Abstract

Background and objectives: Athlete’s heart is characterized by structural cardiac changes, including enlargement
and hypertrophy. However, exercise-induced cardiac electrical remodeling is not well known in Asian athletes. We
sought to evaluate the association between vigorous exercise and the development of abnormal late potential on
signal-averaged electrocardiogram (SAECG).

Method: We analyzed 48 Korean professional soccer players and 71 healthy sedentary controls who underwent
SAECG and transthoracic echocardiography at Kyung Hee University Hospital. An SAECG was considered abnormal
(positive for ventricular late potential) when any one of the three following criteria was met: filtered QRS dura-
tion> 114 ms, root-mean-square voltage in the terminal 40 ms < 20 uV, or a voltage <40 uV for more than 38 ms.

Results: Fragmented QRS was more commonly found in athletes (1.4% vs. 10.4%). Athletes demonstrated signifi-
cantly higher proportion of filtered QRS duration > 114 ms (7.0% vs. 22.9%, P=0.013) and lower terminal QRS root-
mean-square voltage <20 uV (5.6% vs. 20.8%, P=0.012). Ventricular late potential on SAECG was significantly more
frequent in athletes (15.5% vs. 35.4%, P=0.012). Regarding echocardiographic parameters, the athletes had larger
cardiac chamber size; however, these differences became non-significant after adjustment for body surface area,
except left ventricular mass index (65.7 +12.7 g/m2 vs. 847177 g/m2, P<0.001).

Conclusion: Abnormal SAECG findings were significantly more common in athletes than in controls. Further study
is needed to determine the clinical impact of these abnormal SAECGs in athletes and cardiac outcomes in the long
term.
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Introduction arrhythmia and sudden cardiac death [3]. Differentiat-

Exercise is an important way to improve health and has
been associated with a decreased risk of coronary heart
disease and death [1, 2]. Endurance exercise causes struc-
tural changes in the heart, which are normal physiologi-
cal changes that improve cardiac performance. However,
vigorous exercise may be associated with the risk of fatal
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ing between these physiological changes and pathologic
changes or early manifestations of cardiomyopathies is
difficult. Although rare, sudden cardiac death in profes-
sional athletes has a large social impact on the commu-
nity. The reports on outcomes of cardiac screening in
young soccer players published in Europe suggested that
electrocardiogram (ECG) and echocardiography may not
be sensitive enough to detect early disease in some ado-
lescents [4]. Several consensuses have been published for
Europeans and Americans regarding cardiac screening in
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athletes [5]. However, at what time and by what means
should the athletes, especially Asians be screened, is
highly disputed.

The signal averaged ECG (SAECG) technique is com-
monly used to improve the resolution of ECG to record
low-amplitude electrical activity in the myocardium [6].
A delay in myocardial depolarization usually forms low-
amplitude, high-frequency waveforms at the end of the
QRS complex in SAECG. This delayed small fragmented
potential is known as ventricular late potential (VLP)
and is considered an electrophysiological substrate for
ventricular arrhythmias [7]. VLP has been extensively
studied in patients with myocardial infarction and inde-
pendently predicted adverse outcomes and the risk of
ventricular arrhythmia [8]. However, the incidence and
clinical impact of VLP in professional athletes are not
well understood. The aim of this study was to elucidate
the electrocardiographic and clinical characteristics of
professional high-dynamic low-static soccer athletes
compared to sedentary healthy controls.

Method

Study subjects

We enrolled 57 Korean professional soccer players
(Member of Korea Pro-Footballer’s Association) who
underwent SAECG and transthoracic echocardiography
at Kyung Hee University Hospital. To determine the inci-
dence of abnormal SAECG in young athletes and com-
pare them with healthy control subjects, 72 young age
controls were recruited. Control groups were apparently
healthy people without active disease requiring therapy
at the time of enrollment, and who do vigorous exercise
less than once per week. Vigorous exercise was defined
by an aerobic activity in which a conversation cannot be
maintained uninterrupted [9].

According to the 2010 task force criteria for SAECG,
of the 129 enrolled subjects, patients with QRS >110 ms
were excluded (nine athletes and one control subject),
and 119 subjects (48 athletes, 71 controls) were finally
analyzed [10]. All subjects underwent transthoracic
echocardiography, 12-lead ECG, and SAECG. Resting
12-lead ECGs (filter range, 0.15-100 Hz; AC filter, 60 Hz)
were recorded at a paper speed of 25 mm/s and calibra-
tion of 1 mV/10 mm. Abnormal ECG parameters in ath-
letes were analyzed according to the Seattle criteria [11,
12]. Fragmented QRS was defined as the presence of an
additional R wave (R’) or notching in the nadir of the R
wave or S wave, or the presence of >1 R’ (fragmentation)
in two contiguous leads, corresponding to a myocardial
territory. The study protocol adhered to the Declaration
of Helsinki and was approved by the institutional review
board (2016—08-007).
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Signal-averaged electrocardiogram

A MAC 5500 HD system (Version 10B, GE Healthcare
system, Milwaukee, WI, USA) was used for data acqui-
sition and analysis. After a standard 12-lead ECG was
performed, the SAECG used three orthogonal bipolar
leads, X, Y, and Z arrangements with a filter setting of
40-250 Hz. The averaging of 200 to 400 QRS complexes
with the same morphology was performed to record an
SAECG with a noise level of<0.5 uV. An SAECG was
considered abnormal (Fig. 1) when any one of the three
following criteria was met: (1) filtered QRS >114 ms; (2)
root-mean-square voltage <20 uV in the terminal 40 ms;
and (3) a voltage <40 uV for more than 38 ms, according
to the criteria suggested by the Task Force Committee
of the European Society of Cardiology, American Heart
Association, and American College of Cardiology [10].

Transthoracic echocardiography

All study subjects underwent transthoracic echocar-
diography (Vivid 7, GE Vingmed Ultrasound, Horten,
Norway). The left ventricular wall thickness was meas-
ured during end-diastole phases. All measurements were
performed according to the current guidelines [13]. The
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Fig. 1 Ventricular late potential detected by signal averaged
electrocardiography. Arrow indicates ventricular late potential. This
subject showed filtered QRS duration =127 ms, duration of low
amplitude late potential <40 uV=>51 ms, and root-mean-square
voltage in terminal 40 ms=17 uV
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modified Simpson’s rule was used to calculate left ven-
tricular (LV) volumes and ejection fraction from apical
two- and four-chamber views. The volumetric method
was used to calculate LA volume from the apical four-
chamber and two-chamber views at ventricular end-
systole, and then, the LA volumes were indexed to the
body surface area (BSA). Peak early (E) and late (A) dias-
tolic mitral inflow velocities were measured in the apical
four-chamber view. Tissue Doppler interrogation was
performed in the septal mitral annulus in the apical four-
chamber view, following which the peak systolic mitral
annulus velocity and early diastolic mitral annulus peak
velocity (¢’) were measured, and ratio of E/e’ was calcu-
lated. Pulsed Doppler and pulsed tissue Doppler parame-
ters were measured as the average of three cardiac cycles.

Statistical analysis

Continuous variables were summarized as the
mean £ standard deviation and were compared using
the Student’s ¢ test or Mann—Whitney test wherever
appropriate. Categorical variables were summarized as a
percentage of the group total and were compared using
Chi-squared tests or Fisher exact tests, where appro-
priate. A two-sided P<0.05 was considered to indicate
statistical significance. The statistical analyses were per-
formed using R software version 3.5.2. (R Foundation for
Statistical Computing, Vienna, Austria).

Results

Study population and echocardiography data

The demographic and echocardiographic data of ath-
letes and controls are presented in Table 1. None of the
study population reported any symptoms suggestive of
cardiovascular disease. Athletes were younger than con-
trols (26.0£2.1 years vs. 20.9 £+ 3.9 years, 2<0.001). Ath-
letes were taller and had larger BSA (1.6540.2 m? vs.
1.804+0.2 m? P=0.004) with no significant difference
in body mass index. Both groups showed similar sys-
tolic blood pressure (SBP); however, the athletes showed
significantly lower diastolic blood pressure and resting
heart rate at the time of echocardiography. In echocar-
diographic parameters, the athletes had larger left ven-
tricular end-diastolic diameter (LVEDD), left ventricular
end-systolic diameter (LVESD), right atrium (RV) diam-
eter, and RA area. These differences became non-signif-
icant after adjustment for BSA, except LV mass index
(65.7+£12.7 g/m? vs. 84.7 £17.7 g/m?, P<0.001).

ECG and SAECG parameters

Electrocardiographic parameters are shown in Table 2.
Athletes showed lower resting heart rate (68.1+9.3
beats per minute [bpm] vs. 55.5£7.2 bpm, P<0.001) and
longer QTc interval (413.4+23.5 ms vs. 436.6 =27.9 ms,
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Table 1 Comparison of demographics
and echocardiographic parameters between athletes
and controls

Controls (1=71) Athletes (1=48) P value

Age, year 260£2.1 209£39 <0.001
Female 27 (38.0) 19 (39.6) 0.864
Weight, kg 586+9.8 64.2+14.8 0.064
Height, cm 1659480 1728114 0.004
BSA, m? 1.65+0.2 1.80£0.2 0.004
BMI, l<g/m2 212+£25 212422 0973
SBP, mmHg 11544103 1158487 0.838
DBP, mmHg 69.3+8.7 61.0+54 <0.001
HR, beats per minute  68.8+9.4 569+£6.6 <0.001
Echocardiography
LVEDD, mm 469+34 50.7+4.2 <0.001
LVEDD/BSA, mm/m? 287+£23 286+£23 0.943
LVESD, mm 296+2.7 32439 <0.001
LVESD/BSA, mm/m? 181£17 183+18 0.557
EF, % 61.0+£4.0 63.7+4.2 0.003
LVMI, g/m? 6574127 8474177 <0.001
LVH* 1(1.4%) 7 (14.6%) 0.007
LA AP diameter, mm 31.14£31 341+£38 <0.001
LAV, ml 406+£9.6 426+109 0.337
LAVI, ml/m? 246+49 23.1+45 0.134
LA enlargement clas- 0403

sification
Normal (LAVI<34ml/ 71 47 (97.9%)

m?)
Mild LAE (LAVI>34ml/ 0 1(2.1%)

m?)
E, m/s 084+£0.16 085+0.15 0.853
A, m/s 0454+0.09 0.34£0.08 <0.001
B cm/s 13.0£20 124+£1.8 0.160
A, cm/s 72+£15 54£10 <0.001
E/E 6.6£13 69+13 0.235
RVD base, mm 34.1+36 371+£32 <0.001
RVD base/BSA, mm/m? 20.8+2.3 208+19 0.968
RVD mid, mm 273+£32 287+28 0.041
RVD mid/BSA, mm/m? 167422 16.1+£24 0.212
RVFAC, % 466£6.0 473+£63 0.583
TAPSE, mm 223+27 237+37 0.050
RA area, cm? 124423 141426 0.001
RA area/BSA, cm¥m? 7612 79413 0.262

A, mitral late diastolic inflow velocity; A, mitral late diastolic tissue velocity; BMI,
body mass index; BSA, body surface area; DBP, diastolic blood pressure; E, mitral
early diastolic inflow velocity; E; mitral early diastolic tissue velocity; EF, ejection
fraction; HR, heart rate; LAE, left atrial enlargement; LAV, left atrial volume; LAVI,
left atrial volume index; LVEDD, left ventricular end-diastolic diameter; LVESD,
left ventricular end-systolic diameter; LVMI, left ventricular mass index; RA, right
atrium; RVD, right ventricular diameter; RVFAC, right ventricular fractional area
change; TAPSE, tricuspid annular peak systolic excursion

" Defined as LVMI>95 g/m? in female, and LYMI> 115 g/m? in male
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Table 2 Comparison of electrogram and signal-averaged electrogram parameters between athletes and controls

ECG parameters Controls (n=71) Athletes (n=48) P value

Heart rate, bpm 68.1+9.3 555472 <0.001
PR interval, ms 1579+£16.5 1629+33.6 0.348
QRS duration, ms 909487 925+11.0 0.379
QTc, ms 41344235 436.64+27.9 <0.001
R axis, degree 713+£26.1 841£118 <0.001
T axis, degree 519+£12.1 519+£222 0.992
Right atrial enlargement 0 12.1) 0.403
Qwave 1(14) 0 1.0

T inversion 0 12.1) 0.403
Early repolarization 8(11.3) 24 (50.0) <0.001
Fragmented QRS 1(14) 5(10.4%) 0.039
fQRS inferior 1(1.4) 3(6.2) 0.302
fORS anterior 0 2(4.2) 0.161
Sinus arrhythmia 1(1.4) 7 (14.6) 0.007
SAECG parameters

Filtered QRS duration, ms 1020+£115 105.4+34.8 0.544
Terminal QRS RMS voltage, uV 664+454 8844577 0.059
Low amplitude late potential duration, ms 251£11.1 1934168 0.059
Filtered QRS > 114 ms 5(7.0) 11(22.9) 0.013
Terminal QRS RMS voltage < 20 uV 4(5.6) 10 (20.8) 0.012
Low amplitude late potential duration > 38 ms 6 (8.5) 4(8.3) 1.0

1 positive criteria 11 (15.5) 17 (354) 0.012
2 positive criteria 3(4.2) 4(8.3) 0438
3 positive criteria 1(1.4) 4(8.3) 0.156

RMS, root mean square; SAECG, signal-averaged electrocardiography

P<0.001) in resting ECG. Early repolarization pat-
tern was found in half of the athletes (11.3% vs. 50.0%,
P<0.001). Fragmented QRS was also more frequent in
athletes (1.4% vs. 10.4%, P=0.039). Bundle branch block
pattern, premature atrial complex, or premature ventric-
ular complex were not seen in the ECGs of all subjects.
None of the ECG criteria of arrhythmogenic right ven-
tricular cardiomyopathy (ARVC) such as Epsilon waves
or localized prolongation (>110 ms) of the QRS com-
plex in right precordial leads (V; to V;) were observed in
the study subjects. SAECG parameters were compared
between the two groups (Table 2). As a continuous vari-
able, filtered QRS duration, terminal QRS root-mean-
square (RMS) voltage, and low-amplitude late potential
duration were not significantly different between the
two groups (Fig. 2). However, when analyzed by the
2010 task force criteria for VLPs, the athletes demon-
strated a significantly higher proportion of long-filtered
QRS duration>114 ms (7.0% vs. 22.9%, P=0.013) and
lower terminal QRS RMS voltage <20 uV (5.6% vs. 20.8%,
P=0.012, Fig. 2). Overall, one or more abnormal SAECG
findings were significantly more frequent in athletes
(15.5% vs. 35.4%, P=0.012, Fig. 3).

Regression, correlation, and sensitivity analysis
Logistic regression analysis showed that the athletes
had a higher odds ratio (OR) for the presence of VLPs
(OR=2.99, 95% confidence interval 1.25-7.17, P=0.014,
Table 3) than the controls. QTc interval was also associ-
ated with the presence of VLPs (OR=1.03 per ms, 95%
confidence interval 1.01-1.04, P=0.005). In the mul-
tivariate logistic regression analysis (Additional file 1:
Table S1), LVEF was the only significant predictor of
VLPs. This result might be explained by a small inter-
group difference but significant higher LVEF in athletes
group. Although the goodness-of-fit test and variance
inflation factor did not demonstrate significant problem
in goodness of fit, or multi-collinearity, the possibility
still remained, especially due to the small sample size.

Correlation analysis showed a significant correlation
between LV posterior wall thickness and filtered QRS
duration (r=0.254, P=0.033). Relative wall thickness
showed a trend of correlation with filtered QRS duration
(r=0.225, P=0.059).

For sensitivity analysis, when we excluded the
patients with fragmented QRS (n=6), the athletes
still showed significant relationship with VLPs (34.9%
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Fig. 2 Comparison of each signal-averaged electrocardiographic parameters between professional athletes and controls
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Fig. 3 Prevalence of abnormal signal-averaged electrocardiographic parameter for ventricular late potentials (VLP) in study subjects. A) Prevalence
of each VLP criterion. B) Comparison of number of positive VLP criteria

vs 15.7%, P=0.019). When we excluded the patients Discussion

with early repolarization (n=32), the athletes showed Main findings

trend for higher proportion of VLPs (33.3% vs 15.9%, Abnormal VLPs were more commonly found in pro-
P=0.084). The loss of statistical significance is pre- fessional high-dynamic low-static athletes than in the
sumed to be related to small sample size of our data. healthy controls. Cardiac chamber dimensions were
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Table 3 Binary logistic regression analysis of factors
associated with the presence of ventricular late potentials

Odds ratio 95% confidence P-value
interval

Athletes 299 1.25-7.17 0.014
Female 1.63 0.74-3.60 0.225
Age 0.93 0.82-1.05 0.221
Heart rate, bpm 0.99 0.95-1.02 0476
PR interval, ms 1.0 0.98-1.01 0.743
QRS duration, ms 1.04 0.99-1.09 0.139
QTc, ms 1.03 1.01-1.04 0.005
R axis, degree 1.03 1.00-1.05 0.051
T axis, degree 1.0 0.98-1.02 0.956
Early repolarization 1.94 0.86-4.41 0.112
Fragmented QRS 1.67 0.38-7.38 0.500
Echocardiography

LVEDD, mm 0.96 0.80-1.16 0.664
LVESD, mm 093 0.76-1.15 0.506
EF, % 1.21 1.06-1.36 0.003
LVYMI, g/m? 1.0 0.98-1.03 0.861
RVD base, mm 1.02 0.90-1.15 0.765
RVD mid, mm 0.98 0.85-1.13 0.771
LAV, mL/m? 0.96 0.84-1.08 0469
RA area, cm?’ 0.89 0.73-1.08 0.222

EF, ejection fraction; LAVI, left atrial volume index; LVEDD, left ventricular
end-diastolic diameter; LVESD, left ventricular end-systolic diameter; LVMI, left
ventricular mass index; RA, right atrium; RVD, right ventricular diameter

larger in the athletes than in the controls; however, the
differences became non-significant after adjustment for
BSA.

Prevalence and clinical significance of late potentials

VLP was previously reported in up to half of patients with
coronary artery disease (CAD) [7, 14]. VLP is considered
an electrophysiological substrate for delayed activation
of the ventricular myocardium and subsequent ventricu-
lar tachyarrhythmias. VLP has been extensively studied
for risk stratification of patients with myocardial infarc-
tion and independently predicted adverse outcomes.
Although most studies have been conducted in patients
with CAD, some reports have suggested an increased
prevalence of VLPs in non-ischemic heart failure [15, 16],
ventricular tachycardia unrelated to myocardial ischemia
[17], cardiac syndrome X [18], Brugada syndrome [19],
and ARVC [20]. Recently, SAECG findings have also
been suggested to be useful for the early detection of car-
diac sarcoidosis [21]. VLPs were found in 11% of 79 elite
handicapped athletes [22]. The prevalence of VLPs may
vary according to the classification of exercise. Although
VLPs were found to be as high as 100% in professional
high dynamic high static athletes, their prevalence was
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lower in low-static athletes [23-25]. In our study, abnor-
mal VLPs were more prevalent in athletes than in control
group subjects.

The clinical impact of VLPs in athletes with normal car-
diac structures is poorly understood, and there is no large
long-term follow-up data regarding this issue. Recent
study suggested that screening by echocardiography and
12-lead ECG during late adolescence will fail to detect
a substantial proportion of athletes with or those who
would eventually have a cardiomyopathy, either because
the disease has not yet manifested or because ECG and
echocardiography are not sufficiently sensitive to detect
early disease in some adolescents [4]. Further study is
needed to evaluate whether SAECG has any incremental
diagnostic benefit in this population as it is less expensive
than echocardiography with less burden on healthcare
expenses on repeat examination.

Difference of Echocardiographic parameters

between athletes and controls

In echocardiographic parameters, the athletes had larger
LVEDD, LVESD, RV diameter, and RA area. These dif-
ferences became non-significant after adjustment for
BSA. However, LV mass index remained significantly
heavier than controls (65.7 £12.7 g/m?* vs. 84.7 £17.7 g/
m?, P<0.001). Although LVEF was significantly higher
in athletes compared with control group, LVEF values
of both groups were within normal range (61.044.0%
vs. 63.7£4.2%), and the mean difference was only 2—3%.
This difference is not clinically significant. In a previous
study of post-MI patients, LVEF was significantly lower
in the VLP-positive group [26]. In that study, the medial
difference in EF values between the positive and negative
VLP groups was 3%, similar to our study. In our study, it
is unclear whether the small difference in LVEF is an inci-
dental finding or has clinical meaning considering that
the LVEF of entire subjects is normal. The A and A’ waves
were significantly lower in athletes. A’ is validated as an
LA functional parameter [27]. In athletes, the A’ value
was significantly smaller, with decreased LA function
compared to the control group. The LVMI was signifi-
cantly larger in athletes, and possibly, this LV geometry
contributed to the difference in LA function, although
there were no LA strain data in this population.

Previous studies reported that athletes’ cardiac remod-
eling might be a physiological response to the hemody-
namic demands of increased cardiac output during effort
[28]. However, a recent paper reported that 17% of com-
petitive male triathletes showed LGE by cardiovascu-
lar magnetic resonance imaging (CMR), and those with
LGE had a large LVMI and high peak SBP during exer-
cise [29]. Alternatively, competitive sports events can
affect myocardial remodeling due to pressure overload
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of high BP during exercise, and the athlete’s heart con-
sidered benign may progress through pathologic remod-
eling. In our study, filtered QRS duration was correlated
with posterior wall thickness of the LV and tended to be
related to relative wall thickness, which reflects LV geom-
etry. Although we could not perform characterization of
myocardial tissue using CMR, structural remodeling may
be related to electrical remodeling in high-dynamic low-
static sports athletes.

Limitation

Our sample size was relatively small. We analyzed a
highly selected cohort of athletes. Therefore, the general-
izability of our data to other sports participants is limited.
We did not perform more detailed imaging, and/or ECG
monitoring such as CMR and Holter monitoring; there-
fore, there is a possibility that we could not fully exclude
underlying subclinical cardiac pathology. Information
about family history was missing. Therefore, a genetic
background of heart disease, such as cardiomyopathy,
could not be evaluated. Our data are cross-sectional, and
follow-up of clinical outcomes will be helpful.

Conclusion

Approximately one-third of healthy elite soccer players
revealed VLPs on the SAECG, which was significantly
more frequent than control group. The OR for the pres-
ence of VLP was three times higher in athletes and con-
trols. Therefore, VLPs on SAECG should be cautiously
interpreted in the athletes. Further study is needed to
determine the clinical impact of these abnormal SAECGs
in athletes and cardiac outcomes in the long term.
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