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Abstract Intensive endurance training can induce abnor-

mal ECG patterns at rest. These alterations are differentiated

into minor, mildly or distinctly abnormal ECG patterns.

Echocardiographic data imply a correlation between the

extent of these alterations and cardiac parameters like car-

diac volume or wall thickness. In comparison to echocar-

diography, cardiac magnetic resonance imaging (MRI) is

characterized by high reproducibility and accuracy. The aim

of this study was to investigate the correlation between

ECG alterations and cardiac parameters in highly trained

asymptomatic male endurance athletes as assessed using

cardiac MRI. Forty-five asymptomatic male endurance

athletes (mean age 40 ± 8.9 years., range 19–59 years.,

13 ± 5 h of training per week) underwent a cardiac MRI

examination in addition to a resting ECG. Based on the ECG

patterns at rest, the athletes were divided into groups with

normal or minor (group 1) and mild or distinct (group 2)

alterations. Steady-state free-precession cine MRI was used

to calculate left and right ventricular end-diastolic volume,

end-systolic volume, stroke volume, ejection fraction, and

myocardial mass (MM). Late enhancement imaging was

used to exclude structural alterations or myocardial scarring.

Athletes in group 1 and 2 did not differ significantly in terms

of age, height, body weight, body mass index or hours of

training per week. Athletes with mildly or distinctly

abnormal ECG patterns showed a significantly higher MM

than athletes with minor ECG alterations at rest or normal

resting ECG values (156.4 ± 18.4 g vs. 140.5 ± 20.0 g;

p = 0.0103). The differences persisted when the values

were corrected for body surface area (80.0 ± 7.4 g/m2 vs.

73.4 ± 8.3 g; p = 0.0093). All other assessed cardiac

parameters did not differ between the two groups. Patho-

logical myocardial enhancement was detected only in one

patient with a minor abnormal ECG. Male asymptomatic

endurance athletes with mildly or distinctly abnormal ECG

patterns at rest are characterized by a higher myocardial

mass than comparable athletes with minor alterations or

normal ECG at rest. Thus, the extent of ECG-abnormalities

seems to be mainly the result of an increase in myocardial

mass. Additionally, the absence of mild or distinct ECG

alterations does not exclude the presence of pathological

late gadolinium enhancement.
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Introduction

High-level athletic training leads to morphological and

functional adaptations of the cardiovascular system [1].

Moreover, it is noticeable that cardiovascular remodelling

in trained athletes frequently goes hand in hand with a

variety of ECG alterations [2]. In general, this structural

and electrical remodelling, also called ‘‘athlete’s heart’’, is

regarded as a benign and reversible adaptation due to

systematic athletic training without harmful cardiovascular

consequences [2, 3]. However, the distinction between

physiological and pathological ECG patterns in trained

athletes remains challenging in some cases.
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In general, ECG patterns from athletes can be classified

in minor, mildly or distinctly abnormal alterations, as

shown in detail in Table 1 [4]. Moreover, echocardio-

graphic data indicate a correlation between the extent of

ECG alterations and cardiac parameters, like cardiac vol-

ume or wall thickness [4, 5]. However, assessing cardiac

function and dimensions using echocardiography depends

on various determinants, like chest anatomy or the expe-

rience of the investigator, leading to high intra- and inter-

observer variability.

ECG examinations at rest are an obligatory part of pre-

participation screening according to the recommendations

of the European Society of Cardiology [6]. The aim of pre-

participation screening is to identify athletes at risk for

structural heart disease and sudden cardiac death. On the

other hand, ECG changes seen in patients with athlete’s

heart may mimic structural heart disease with a patholog-

ical cardiac remodelling like hypertrophic cardiomyopathy

(HCM), which is regarded to be responsible for the

majority of sudden deaths in young athletes [7, 8]. Based

on these assumptions, it is important to have detailed

information about cardiac parameters and their relationship

to ECG alterations at rest. A newer imaging method—

namely cardiac magnetic resonance imaging (MRI)—may

play an important role in addressing this important issue.

Cardiac MRI features high accuracy, good reproduc-

ibility and a low inter- and intra-observer variability [9–

11]. As a result, cardiac MRI is the gold standard for

examining cardiac function in patients as well as in athletes

[10, 12–14]. Additionally, delayed gadolinum enhance-

ment cardiac MRI can detect myocardial damage, e.g. in

patients with coronary heart disease or myocarditis [15,

16]. In patients with coronary artery disease (CAD), car-

diac MRI-based evaluation of myocardial late enhance-

ment (LE) can serve as a predictor for ventricular

arrhythmia [17] or sudden cardiac death [18, 19]. Addi-

tionally, there are data from marathon runners underlining

the prognostic value of LE in terms of cardiovascular

events [20]. Moreover, the extent of myocardial scarring

determined using MRI might predict life-threatening

rhythm disorders in patients with HCM [21].

Therefore, MRI is possibly the most useful non-

invasive test to identify structural and functional abnor-

malities, such as ventricular enlargement, left ventricular

Table 1 Resting ECG classification and group assignment according to Pelliccia et al. [4] and number of athletes with ECG-alterations

Group 1 Group 2

Normal ECG or ECG with minor

alterations

Mildly abnormal ECG Distinctly abnormal ECG

(1) Increased PR interval duration

([0.20 s)

n = 4

(1) Increased R or S wave voltage

(30–34 mm) in any lead

n = 4

(1) Striking increase in R or S wave

voltage (C 35 mm) in any lead

n = 2

(2) Mild increase in R or S wave voltage

(25 to 29 mm)

n = 10

(2) Q waves 2 to 3 mm in depth and

present in C2 leads

n = 0

(2) Q waves C4 mm in depth and present

in C2 leads

n = 0

(3) Early repolarization

(ST elevation C2 mm in [2 leads

n = 0

(3) repolarization patterns with either flat,

minimally inverted, or particularly tall

(i.e. C15 mm) T waves in C2 leads

n = 0

(3) Repolarization pattern with inverted T

wave [2 mm in C2 leads

n = 3

(4) Incomplete right bundle branch block

(RSR pattern in V1 and V2 of \0,12 s

in duration)

n = 14

(4) Abnormal R wave progression in the

anterior precordial leads

n = 0

(4) Left bundle branch block

n = 0

(5) Sinus bradycardia \60 bpm

n = 24

(5) Right bundle branch block (RSR

pattern C0.12 s in V1 and V2)

n = 0

(5) Marked left (B-30�) or right (C110�)

QRS axis deviation

n = 4

(6) Right atrial enlargement (peaked P

waves C2.5 mm in leads II, III or V1)

n = 2

(6) Wolff-Parkinson-White pattern

n = 0

(7) Left atrial enlargement (prolonged

positive P wave in lead II and/or deep,

prolonged negative P wave in V1)

n = 0

(8) Short PR interval (B0.12 s)

n = 3
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hypertrophy, or to determine muscle mass or wall motion

abnormalities.

Although abnormal ECG patterns in highly trained

athletes have been the issue of various studies [4, 22–25],

there are no data about a possible correlation between the

extent of ECG alterations at rest and cardiac parameters as

assessed using MRI.

Thus, the purpose of this study was to determine whe-

ther there is a correlation between the extent of ECG

alterations at rest and cardiac parameters in highly trained,

asymptomatic male athletes, as determined using cardiac

MRI.

Materials and methods

This study protocol was approved by the local institutional

review board. All participants were provided with, and

signed a written informed consent form before study

enrollment. The investigation was conducted in accordance

with the Declaration of Helsinki.

Study population

45 consecutive asymptomatic, highly trained, male athletes

(mean age 40 ± 8.9 years, range 19–59 years) volunteered

for the study. All athletes had maintained a training volume

of at least 7 h/week for more than 2 years, (13 ± 4.7 h/

week, range 7–30 h/week). To exclude cardiovascular and

other relevant diseases, each participant underwent a

physical examination, ECG and color doppler echocardi-

ography. In addition standard blood parameters (including

brain natriuretic peptide), resting heart rate, and blood

pressure at rest were determined. In addition, all athletes

underwent treadmill or bicycle stress tests to evaluate

maximal oxygen uptake (VO2 max). None of the partici-

pants reported previous cardiovascular disease. Training

experience, weekly training volume averaged over the

preceding 6 months, as well as periods of rest were docu-

mented. Physical examinations were unremarkable in terms

of cardiovascular disease.

Exclusion criteria for study participation included any

history of cardiopulmonary disease as well as standard

contraindications for MR imaging (e.g. claustrophobia,

certain metallic implant devices, prior allergic reaction to

gadolinium-contrast agents). None of the subjects were

taking any cardiovascular medications. Resting heart rate

(HR), weight and height were measured for all subjects.

Body surface area (BSA) was calculated (square meters)

for each subject using the Mosteller standard equation.

Clinical and anthropometric data of the study population

are shown in detail in Table 2.

Magnetic resonance imaging

Cardiac MRI was performed using a 1.5 Tesla (T) scanner

(Magnetom Avanto, Siemens Medical Systems, Erlangen,

Germany), providing a gradient strength of 40 mT/m and

maximum slew rate of 200 mT/m/m. An advanced cardiac

software package was used. Images were acquired with

the subject in the supine position, by applying electro-

cardiographically-gated breath-hold sequences. Blood

pressure and heart rate were monitored throughout acqui-

sition. To evaluate functional parameters, the protocol

included a breath-hold steady-state free-precession (SSFP)

pulse sequence (repetition time/echo time 3.0/1.5 ms; flip

angle 60�, 25 frames per cardiac cycle, matrix 256 9 192,

field of view 300–400 mm) used to acquire cine images in

Table 2 Physical characteristics of the participants. Data are given as means ± standard deviations

Study population

(n = 45)

Group 1

(n = 27)

Group 2

(n = 18)

p value

Group 1 vs.

Group 2

Age (years) 40 ± 8.9 42 ± 9.2 37 ± 7.6 0.064

Weight (kg) 73.7 ± 8.3 72.6 ± 7.0 74.9 ± 9.7 0.36

Height (cm) 181 ± 5 179 ± 5 182 ± 4 0.0797

Training volume (h/week) 13 ± 4.7 12.5 ± 3.6 13.7 ± 5.8 0.4286

Heart rate (bpm) 47.7 ± 6 47.4 ± 7.5 47.8 ± 4.9 0.8969

BSA (m2) 1.9 ± 1.2 1.9 ± 0.1 1.9 ± 0.14 0.2609

VO2 max (mL/kg/min) 56.47 ± 6.1 55.7 ± 6.5 57.7 ± 5.4 0.2876

Sports

Running 23 14 9 0.9447

Triathlon 16 9 7 0.7933

Cycling 5 3 2 1.0

Speed-Skating 1 1 0 0.4176

BSA body surface area, BPM beats per minute
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2-chamber, 4-chamber, short-axis, as well as outflow tract

orientation of the right (RV) and left ventricles (LV). A

stack of contiguous short-axis slices from ventricular apex

to base (slice thickness 5 mm, gap 5 mm) was obtained

(typically 8–12 slices) parallel to the atrioventricular

groove and covering the entire left and right ventricles.

For late enhancement (LE) imaging a two-dimensional

inversion-recovery segmented k-space gradient-echo MR

sequence was performed with the following parame-

ters: repetition time/echo time/inversion time 8.0/4.9/

240.0–300.0 ms, flip angle 30�, section thickness 8 mm,

in-plane resolution 1.2 9 1.5 mm. For all examinations,

the optimal inversion time to suppress the signal of normal

myocardium was determined using an inversion recovery

prepared SSFP sequence with incrementally increasing

inversion times (repetition time/echo time 24/1.12 ms, flip

angle 60�, section thickness 8 mm, and inversion times

increasing in 20.0 ms increments). MR images were

acquired in short- and long-axis views 10–15 min after

intravenous injection of 0.15 mmol per kilogram of body

weight gadobutrol (Gadovist, Bayer Healthcare, Germany).

LE imaging was performed on all participants. Total

examination time was between 45 and 50 min per subject.

Image analysis

Two readers, each with at least 5 years of experience in

cardiac MRI examinations, independently reviewed the

image loops of each subject in a random fashion. Readers

were blinded to subject details including age and training

hours/week.

For LE image analysis, both readers visually judged the

occurrence (absence vs. presence), localization, and pattern

of LE. Quantitative analyses based on signal-to-noise ratio

(SNR) or contrast-to-noise ratio (CNR) measurements were

not performed.

Post-processing

Quantitative analysis was performed off-line using dedi-

cated software (ARGUS, Siemens). LV and RV volumes as

well as LV wall-mass were measured by tracing endocar-

dial and epicardial contours on the short-axis views.

At the base of LV, the aorta was included in LV volume

below the aortic valve. Blood volumes above the aortic

valve and volumes surrounded by a thin myocardial wall

on the mitral valve plane (left atrial blood volume) were

excluded from LV volume. End-systole was defined as the

frame with the smallest ventricular cavity after inspecting

the cine loops. Papillary muscles and trabeculae were

included in the ventricular volumes, and excluded from the

wall-mass, for efficiency and reproducibility. To calculate

mass, the interventricular septum was included as part of

the left ventricle. Epicardial fat and the pericardium were

excluded from LV mass.

Contour tracing was monitored by reviewing the movie

with contours attached. The basal slice was selected for the

left ventricle when at least 50 % of the blood volume was

surrounded by myocardium in both end-diastole and end-

systole. These contours were verified by a second reader

before results were finalized in the database.

End-diastolic volumes (EDV) and end-systolic volumes

(ESV) were used to determine stroke volume (SV: EDV-

ESV) and ejection fraction (EF: EDV-ESV/EDV 9 100).

LV mass was determined by taking the sum of the EDVs

within the epicardial and endocardial borders of the short-

axis slices and multiplying the myocardial tissue volume

by its specific density of 1.05 g/cm3. Additionally, all

parameters were indexed to BSA for comparative analysis

to minimize differences of cardiac parameters related to

height and weight.

Cardiac morphology

Morphological aspects were also evaluated. LV wall

thickness was defined as the average of 4 segment

thickness measurements on a midventricular slice at end-

diastole. Septal and inferior LV wall thickness of more

than 13 mm was suspicious for a moderate form of HCM.

Moreover, presence and type of left ventricular hyper-

trophy (LVH) (eccentric vs. concentric, symmetric vs.

asymmetric) were recorded. HCM is commonly charac-

terized by asymmetric LVH predominantly affecting the

interventricular septum with a reduced LV-diameter.

Finally, criteria indicating arrhythmogenic right ventricu-

lar cardiomyopathy (ARVC), like isolated RV enlarge-

ment, wall motion abnormalities, adipose tissue

replacement within the wall, or aneurysm formation, were

noted.

Late enhancement

Pattern and extent of LE were assessed using short- and

long-axis views, and were considered present if they were

detectable in two orthogonal planes. Areas of LE were

allocated according to the American Heart Association

17-segment model. We defined hyperenhanced regions to

be indicative of myocardial damage. On the basis of pre-

vious experience from clinical and experimental studies,

the damaged regions were defined as indicative of myo-

cardial infarction if they were located predominantly in

subendocardial areas, facultatively extending to midmyo-

cardial and transmural regions, and attributable to coronary

perfusion territories. Midmyocardial or subepicardial LE

with patchy or spotty distribution was defined as a non-

ischemic pattern.
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Electrocardiogram

Each participant underwent a standard 12-lead ECG in the

supine position. ECG patterns were recorded with 25 mm/s

during quiet respiration at least 24 h after the last inten-

sive athletic activity. ECG patterns were interpreted

without prior knowledge of the clinical history and cur-

rent test results of the athlete. All ECG patterns were

evaluated according to a recent publication by Pelliccia

et al. [4] and were classified into three subgroups shown

in detail in Table 1. Athletes were classified into group 1

(normal ECG or ECG with minor alterations) or group 2

(mildly or distinctly abnormal ECG) according to their

ECG patterns.

Echocardiography

Each participant underwent a standard transthoracic

echocardiography (Vivid 5, GE, Milwaukee, USA) with a

phased array probe (1.5–3.3 MHz) according to the

guidelines of the American Society of Echocardiography

(ASE). Doppler echocardiography was employed to assess

systolic and diastolic function. Standard short-axis views

as well as an apical four-chamber view were imaged

making sure to maximize the diameter of the mitral valve

annulus. Images were stored digitally and analyzed

off-line.

Statistical analysis

Normality was tested using the Kolmogorov–Smirnov test,

and differences between the two groups were measured

with the Student‘s t test for independent samples. Linear

regression was performed to rule out a correlation between

age and myocardial mass. Data are expressed as the mean

value ± standard deviation (SD). The level for a statisti-

cally significant difference was set at a p \ 0.05. Statistical

tests were performed using GraphPad Prism 4.0 (GraphPad

Software, Inc., La Jolla, CA, USA). A more sophisticated

statistical analysis was not be performed due to the small

numbers of participants.

Results

Pre-participation screening

All athletes were asymptomatic in terms of cardiovascular

or pulmonary symptoms. No athlete had to be restricted

from competitive sports due to the results from the baseline

examination, including physical examination and echo-

cardiography. Brain natriuretic peptide levels were within

the normal range in all participants.

Electrocardiogram

27/45 (60 %) athletes had a normal or mildly abnormal

ECG at rest (group 1). The remaining 18 athletes had either

mildly (n = 9, 20 %) or distinctly abnormal (n = 9, 20 %)

resting ECG patterns (group 2). The two groups were

comparable in terms of age, weight, height, body surface

area, resting heart rate and training volume. Detailed

information is given in Table 2.

Cardiac MRI

Image quality for cine SSFP images and late gadolinum

enhancement imaging was satisfactory in all cases. All

subjects were able to follow breath-holding instructions.

There were no adverse events during cardiac MRI (Figs. 1

and 2).

Cardiac parameters

The athletes in group 2 showed a significantly higher

myocardial mass than athletes in group 1 (156.4 ± 18.4 g

vs. 140.5 ± 20.0 g; p = 0.0103). This observation per-

sisted when the values were corrected for body surface area

(80.0 ± 7.4 g/m2 vs. 73.4 ± 8.3 g; p = 0.0093). All other

evaluated parameters showed no significant differences

between the two groups. Linear regression revealed no

significant correlation between age and myocardial mass

(Fig. 3a–c). There was no evidence of HCM or ARVD in

any participant. Neither an asymmetrical septal hypertro-

phy nor any type of asymmetric myocardial hypertrophy

confined to the left ventricular apex was found. Results of

the morphological and functional analyses are summarized

in Table 3 and Fig. 4.

Myocardial late enhancement

In one out of 45 endurance athletes (2.2 %), pathological

late enhancement was detected in the short and long-axis

views on the cardiac MRI (Fig. 2). This subject showed

only minor ECG-alteration (R wave voltage [ 25 mm).

The late enhancement pattern was indicative of non-

ischemic scarring; most likely due to former (asymptom-

atic) myocarditis. All other subjects had no myocardial

structural alterations indicating replacement scarring or

interstitial fibrosis and showed no evidence for ischemic

myocardial damage.

Discussion

The main findings of the present study are as follows: (1)

highly trained asymptomatic male endurance athletes with
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Fig. 1 Image examples of two world class long-distance triathletes.

Upper row: athlete with only minor ECG-alterations (right side) and

corresponding MRI 4-chamber-view (left side). Left ventricular end-

diastolic diameter (LVEDD) was 49 mm, right ventricular end-

diastolic diameter (RVEDD) 45 mm. The left ventricular muscle

mass was 165 g or 85 g/m2, respectively. Lower row: athlete with

distinct ECG-alterations. The left ventricular muscle mass was 181 g

or 92 g/m2, respectively. LVEDD 54 mm, RVEDD 58 mm
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mildly or distinctly abnormal rest ECG patterns are char-

acterized by a higher myocardial mass than athletes with

only minor alterations or normal resting ECG. (2) Up to

40 % of asymptomatic endurance athletes have mildly or

distinctly abnormal rest ECG without evidence of struc-

tural heart disease according to cardiac MRI findings. (3)

Late gadolinium enhancement might be detected in athletes

with minor ECG-alterations and no evidence of prior heart

disease.

Athlete’s heart

Regular physical training is associated with physiological

structural and electrical changes in the heart, typically

called ‘‘athlete‘s heart’’ (AH). AH was first described at the

beginning of the nineteenth century [26]. Although today

AH is characterized by an eccentric biventricular hyper-

trophy with wall thicknesses below 15 mm and a moder-

ately dilated left ventricle with an end-diastolic diameter of

up to 58 mm [27], differentiating AH from mild forms of

hypertrophic cardiomyopathy (HCM) remains difficult in

some cases. The ability to make this distinction is of great

importance, as more than one-third of SCD in younger

athletes are connected to HCM [27, 28]. Identifying those

individuals with diseases putting them at risk of sudden

cardiac death is one of the main issues for athletes’

physicians.

Fig. 2 Late enhancement imaging in a 50-year-old asymptomatic

athlete without history of cardiovascular disease revealed an abnor-

mal enhancement in the posterolateral wall of the left ventricle

(arrow) which was indicative of a non-ischemic origin. a short axis

view, b long-axis view

Fig. 3 Linear regression revealed no significant correlation between

age and myocardial mass (MM). a Athletes with normal ECG or

minor ECG-alterations, b Athletes with mildly ECG-alterations;

b Athletes with distinctly ECG-alterations
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Performing 12-lead ECGs at rest as part of a pre-

participation screening in addition to the standard

physical examination and assessing the athletes’ med-

ical and family histories is a subject of great contro-

versy. Current guidelines from the European Society of

Cardiology declare a resting ECG as an essential part

of pre-participation screening [6] in contrast to the

recommendations of the American Heart Associa-

tion [29].

The overall sensitivity of detecting cardiovascular dis-

eases in asymptomatic athletes using resting ECG seems to

be about 50 % [30, 31]. Moreover, the diagnostic accuracy

depends on the athlete’s age and other conditions. Coro-

nary atherosclerosis is the main cause of cardiovascular

events especially in older athletes. However, the sensitivity

of the resting ECG to detect CAD in asymptomatic indi-

viduals is low. Based on these considerations, and against

the background of cost-effectiveness, some authors argue

that electrocardiographic screening of athletes is not jus-

tified [32]. On the other hand, data derived from a pro-

spective long-term study showed that repolarization

abnormalities as assessed using resting ECG may be useful

for identifying athletes at risk for the subsequent devel-

opment of structural heart disease [33]. These observations

underscore the importance of a close follow-up in the care

of these athletes and the need to rule out underlying

structural heart disease.

Table 3 Cardiac parameters of the two study groups. Data are given

as mean ± SD and range

Group 1 (n = 27) Group 2 (n = 18) p Value

LV-EDV (mL) 202.4 ± 33.4

(138–282)

213.7 ± 19.8

(182–247)

0.201

LV-ESV (mL) 79.8 ± 20.6

(42–136)

81.1 ± 15.7

(50–107)

0.8231

LV-SV (mL) 121.6 ± 22.2

(86–162)

132.5 ± 15.5

(102–164)

0.0807

LV-EF (%) 60.6 ± 6.5

(49–73)

62.1 ± 5.8

(49–73)

0.4532

RV-EDV (mL) 221.5 ± 45.8

(144–346)

230.6 ± 42.1

(131–291)

0.3394

RV-ESV (mL) 101.9 ± 27.4

(61–198)

111.6 ± 26.4

(79–192)

0.2543

RV-SV (mL) 120.3 ± 22.6

(87–157)

129.8 ± 16.1

(99–159)

0.1311

RV-EF (%) 54.1 ± 6.9

(42–63)

54.0 ± 5.6

(34–67)

0.9891

MM (g) 140.5 ± 20.0

(101–195)

156.4 ± 18.4

(137–194)

0.0103

MM index (g/m2) 73.4 ± 8.4

(56.1–95.0)

80.5 ± 7.4

(69.4–95.2)

0.0093

LV left ventricular, RV right ventricular, EDV end-diastolic volume,

ESV end-systolic volume SV stroke volume, EF ejection fraction, MM
myocardial mass

Fig. 4 Cardiac parameters of

group 1 and 2 (boxplot). I:

group 1; II: group 2, LV left

ventricular, RV right ventricular,

EDV end-diastolic volume, ESV
end-systolic volume, SV stroke

volume, EF ejection fraction,

MM myocardial mass

332 Int J Cardiovasc Imaging (2013) 29:325–334

123



Prevalence of ECG alterations and MRI findings

The prevalence of athletes with mildly or distinctly

abnormal resting ECG was comparable to previous data in

larger populations [4]. However, none of these athletes

showed signs of cardiovascular disease according to car-

diac MRI. In contrast to other studies [34], all participants

were examined using late gadolinium enhancement imag-

ing. This technique enables additional information about

the myocardial integrity to be obtained. In addition to

HCM, dilated cardiomyopathy (DCM) is another differ-

ential diagnosis of AH, as both entities are characterized by

an increased cardiac volume. However, approximately

30 % of patients with DCM have midwall fibrosis leading

to a typical LE pattern, which was not seen in any partic-

ipant of our study. Additionally, brain natriuretic peptide

levels were within the normal range in all athletes, which

underlines the benign aetiology of the cardiac enlargement

in our cohort.

Left and right ventricular ejection fractions at rest were

lower in some athletes (minimal 43 and 34 %, respec-

tively), as would be expected in healthy persons. Although

this has not been described before in healthy athletes, this

is due to physiological enlargement of the cardiac cham-

bers that generate an adequate cardiac output even under

these conditions (e.g. the athlete with an RV-EDV of

291 mL and an EF of 34 % has a SV of 99 mL resulting in

an cardiac output of 4.5 L/min) and should not necessarily

be judged as a result of cardiovascular disease.

Although the myocardial mass was higher in athletes

with moderate or distinct ECG alterations, there was a

large overlap between the two study groups. In other

words, elevated myocardial mass due to intensive training

does not necessarily lead to abnormal ECG findings and

that rest-ECG is only minimally helpful to predict MRI

findings. Interestingly, the athlete with pathological late

enhancement demonstrated only minor ECG alterations

that are more likely due to the physiological adaptation of

the cardiovascular system than the result of a prior myo-

carditis. However, the prognostic value of such findings

remains completely unclear in this setting.

Cardiac MRI versus echocardiography

In contrast to echocardiography, which is used as a first-

line imaging technique in the care of athletes with ECG-

alterations, cardiac MRI is characterized by a high repro-

ducibility and intraobserver variability is low. Moreover, it

allows in dedicated cases to detect cardiovascular disease

in an early stage. Based on these assumptions, cardiac MRI

might be a helpful tool in the work-up of athletes with

ECG alterations, although prognostic data are missing up

to now.

Study limitations

We are aware that our study has some limitations. Firstly

only male endurance athletes were included in the study. It

remains unclear whether our results are transferable to

female or non-endurance athletes. Secondly, our cohort

was rather small. Thus, the number of athletes with

abnormal findings was low. Thirdly, the prognostic value

of our findings, e.g. in terms of preventing sudden cardiac

death, is open to speculation. And finally, most ECG-

alterations in group 2 are the result of increased R and/or S

wave voltage, which is typically indicative for myocardial

hypertrophy.

In summary, our results coincide with previous data

indicating that intensive endurance training might result in

ECG alterations at rest that are most likely the result of a

physiological adaptation of the cardiovascular system

(namely cardiac enlargement and hypertrophy of the

myocardium) than to be the correlate of cardiovascular

disease.

Conclusion

Resting ECG alterations are common in highly trained

endurance athletes. In contrast to athletes with normal or

minor ECG alterations, athletes with moderate or distinct

ECG modifications are characterized by an increase in

myocardial mass without alteration of other cardiac

parameters. Thus, the extent of ECG alterations seems to

be the effect of a physiological hypertrophy of the myo-

cardium. Additionally, a resting ECG with minor altera-

tions does not exclude the presence of late gadolinium

enhancement. However, the prognostic value of these

findings remains at present unclear and needs to be eval-

uated in further studies.
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