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Purpose: To study young adult elite athletes with age- and
sex-matched sedentary controls to assess sex-specific dif-
ferences for left ventricular (LV) and right ventricular (RV)
volumes and mass as well as for LV contraction and relax-
ation.

Materials and Methods: A total of 23 male athletes (mean
age 25 � 4 years, training 22 � 7 hours/week in rowing,
swimming, or triathlon) and 20 female athletes (mean age
24 � 4 years, training 19 � 5 hours/week in rowing, swim-
ming, or triathlon) and age- and sex-matched sedentary
controls (21 male/17 female) underwent cardiovascular
magnetic resonance (CMR) imaging (1.5 Tesla). Cardiac
phase contrast imaging using a black-blood k-space seg-
mented gradient echo sequence was used for analysis of
cardiac contraction and relaxation and steady-state free-
precession cine images were acquired for determination of
cardiac volumes and mass.

Results: Male and female athletes showed similar in-
creases in LV and RV volume and mass indices when com-
pared to controls (ranging between 15% and 42%). No sex-
specific differences in training effect on LV and RV volumes,
mass indices, and ejection fractions, as well as LV to RV
ratios of these volume and mass indices (parameters of
balanced LV and RV dilatation and hypertrophy) were ob-
served (all P for interaction �0.05). Similarly, no sex-spe-
cific differences in training effect on cardiac contraction
and relaxation were found (all P for interaction �0.05).

Conclusion: Young adult elite athletes do not show sex-
specific adaptive structural and functional changes to ex-
ercise training in accordance with the benign nature of the
hypertrophy associated with athlete’s heart.
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PRINCIPAL DIFFERENCES between male and female
hearts are at least partly a reflection of the sex-specific
hormonal milieu (1). Experimental studies suggest op-
posing modulating effects of estrogen and testosterone,
with estrogen having an antiproliferative and testoster-
one a proliferative stimulus in situations of cardiac
remodeling, such as pressure overload hypertrophy or
remodeling postmyocardial infarction (2–8). However,
recent molecular studies have indicated a fundamental
difference in calcium-sensitive signaling pathways
leading to pathological vs. physiological hypertrophy
(9). Little data exist for sex-specific effects on chronic
physiological cardiac remodeling. Athlete’s heart repre-
sents a physiological adaptation either to pressure-
overload (strength-trained athletes) or volume-overload
(endurance-trained athletes), leading to concentric or
eccentric left ventricular (LV) hypertrophy, respectively.
Most sport disciplines yield a combination of both
mechanisms (10–16). In the literature, female athletes
have typically been underrepresented: Recent meta-
analyses included male athletes in 59 studies and fe-
male athletes in only 13 studies (15,17). Furthermore,
little data exist addressing the degree of right ventricu-
lar (RV) adaptive changes to exercise training, mainly
due to the limited echocardiographic access to the right
ventricle (18–20).

Cardiac magnetic resonance (CMR) provides high im-
age quality, is intrinsically three-dimensional, i.e., not
relying on geometric assumptions, and is, thus, the
currently accepted gold-standard method for the mea-
surement of both LV and RV cardiac volumes and mass
(21). CMR phase velocity imaging (“tissue phase map-
ping”) allows three-dimensional assessment of cardiac
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contraction and relaxation with good interstudy repro-
ducibility (22). We aimed to study male and female
young adult elite athletes with age- and sex-matched
sedentary controls to assess sex-specific differences for
LV and RV dilatation and hypertrophy as well as for LV
contraction and relaxation. We hypothesized that
structural and functional adaptive changes to exercise
training would be sex-specific.

MATERIALS AND METHODS

Study Population

A total of 23 male elite athletes (mean age 25 � 4 years,
training 22 � 7 hours/week in rowing (N � 15), swim-
ming (N � 2), or triathlon (N � 6)) and 20 female elite
athletes (mean age 24 � 4 years, training 19 � 5 hours/
week in rowing (n � 15), swimming (N � 2), or triathlon
(N � 4)), and age- and sex-matched sedentary healthy
controls (21 male, mean age 26 � 3 years and 17 fe-
male, mean age 26 � 3 years) were enrolled in the
study. None of the subjects had any of the following:
history of cardiac disease, hypertension, or other car-
diac risk factors. All sedentary controls had normal
electrocardiograms (ECG) and no athlete presented
with pathological ECG changes other than voltage cri-
teria for LV hypertrophy. Subjects with contraindica-
tions for CMR were not enrolled. The study was carried
out according to the principles of the Declaration of
Helsinki and was approved by our institutional ethics
committee. Each subject gave informed written con-
sent.

CMR Imaging Protocol

All CMR examinations were performed on a 1.5-Tesla
MR scanner (Sonata; Siemens Medical Solutions, Er-
langen, Germany) with cardiac phased-array surface
coil, prospective ECG gating, and the patient in the
supine position. After piloting, segmented steady-state
free-precession cine images (SSFP, TE/TR � 1.5/3.0
msec, flip angle � 60°, slice thickness � 7 mm, inter-
slice gap � 3 mm, in-plane resolution � 1.5 � 1.5 mm2,
temporal resolution � 45 msec, 15 lines of k-space per
heartbeat, breathhold duration � 14–17 heartbeats)
were acquired in the horizontal and vertical long axis
views during breath holding in end-expiration. A stack
of short axis views was then obtained (typically 8–12
slices), parallel to the atrioventricular groove, covering
the entire left and right ventricle. Phase contrast images
were acquired with a prospectively ECG-triggered
black-blood k-space segmented gradient echo sequence
(TE/TR � 4.5/6.2 msec, flip angle � 15°) with first-
order flow compensation in all dimensions to minimize
artifacts from flow or motion described in detail else-
where (23,24). The pixel size was 2.7 � 1.3 mm (field of
view [FOV] � 255 � 340 mm2, matrix size � 96 � 256,
interpolated to 192 � 256), slice thickness � 8 mm.
Velocity-encoding (venc) was performed by adding a
bipolar gradient in the read, phase, and slice direction
after each radiofrequency (RF) pulse to the otherwise
identical sequence (venc in-plane � 20 cm/second,
venc through-plane � 30 cm/second). The temporal
resolution was 37–87 msec in a single breathhold

(baseline, x-, y-, and z-velocity components) over 17–29
heartbeats (adjustable to breathholding capability)
(22). The quoted temporal resolution was achieved us-
ing view sharing techniques that can be used to accel-
erate phase contrast imaging without loss of functional
information (24). Three short-axis slices at basal (be-
tween the LV outflow tract and the papillary muscles),
midventricular, and apical levels were acquired accord-
ing to recommended guidelines (25). The typical dis-
tance between the basal and the apical short-axis slice
was 4 to 6 cm. All acquired datasets were of sufficient
image quality, without respiration artifacts in the mag-
nitude images, and could be included in the analysis.

Image Analysis

Analysis of SSFP cines was performed with Argus soft-
ware (Version 2002B; Siemens Medical Solutions).
Manual tracing of the endocardial and epicardial bor-
ders of successive short-axis slices at end-diastole and
end-systole (image with the smallest LV and RV cavity)
was performed. The 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 myocar-
dium in both end-diastole and end-systole. The apical
slice was defined as the last slice showing intracavity
blood pool (26,27).

For the right ventricle, volumes below the pulmonary
valve were included. From the inflow tract, RV volumes
were excluded if the surrounding muscle was thin and
not trabeculated, suggestive of the right atrium. Papil-
lary muscles were included in the mass and excluded
from the volume calculations. The interventricular sep-
tum was included as part of the left ventricle. From
these data, mass, ejection fraction, and end-systolic
and end-diastolic volumes could be calculated. Myocar-
dial mass was determined by multiplication of the tis-
sue volume by 1.05 g/cm3 (specific density of myocar-
dium). Functional parameters, normalized to body
surface area, were also calculated.

Tissue phase mapping data analysis was performed
on a personal computer using customized software pro-
grammed in Matlab Version 6.5 (The Mathworks Inc.,
Natick, MA, USA) (28). After manual endo- and epicar-
dial contour segmentation and a correction for transla-
tional motion components of the LV in the image plane
(23), in-plane velocities were transformed into an inter-
nal polar coordinate system positioned at the center of
mass of the LV. As a result, motional parameters are
described in terms of radial, circumferential, and lon-
gitudinal velocities, leading to a more adapted repre-
sentation of the myocardial motion, corresponding to
contraction and rotation in short-axis orientation and
shortening along the long-axis direction. The temporal
axis of the three-dimensional systolic velocity informa-
tion obtained was then normalized to the end-systolic
time as defined by the smallest LV cavity on midven-
tricular cine images to avoid temporal jitter. Diastolic
velocity information was similarly normalized to the
duration of diastole (RR interval minus duration of sys-
tole). For each of the radial and longitudinal velocities,
two systolic and two diastolic parameters were com-
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puted (22): systolic peak velocity, systolic time to peak
velocity, diastolic peak velocity, and diastolic time to
peak velocity. These parameters were computed for av-
eraged global midventricular velocities. In addition, the
relative speed of motion between the basal and apical
slice was plotted over the cardiac cycle as the difference
between the circumferential (“torsion-rate” [deg.sec-
ond–1.cm–1] defined as the rate of change of angular
velocity along the heart) and longitudinal (“longitudinal
strain-rate” [second–1]) velocities of the global basal and
apical slices, normalized to mid-ventricular short axis
diameter and to ventricular length. Peak systolic tor-
sion-rate, peak diastolic torsion-rate, systolic time to
peak torsion-rate, diastolic time to peak torsion-rate,
peak systolic longitudinal strain-rate, peak diastolic
longitudinal strain-rate, systolic time to peak systolic
longitudinal strain-rate, and diastolic time to peak lon-
gitudinal strain-rate were then derived from those
graphs (22).

In systolic and diastolic dysfunction, lower peak ve-
locity, strain-rate, and torsion-rate, as well as pro-
longed time to peak velocity, strain-rate, and torsion-
rate would be expected. In contrast, “supranormal”
systolic and diastolic function would present with the
opposite picture.

Statistical Analysis

All data are presented as mean � standard deviation
(SD) unless stated otherwise. A univariate general lin-
ear model with fixed effects for sex and training (athlete
vs. sedentary control) was used to test whether differ-
ences between age- and sex-matched athletes and sed-
entary controls were sex-specific. Throughout the anal-
yses, a two-sided P-value of �0.05 was considered
statistically significant. All computations were per-
formed with SPSS 11.5 (SPSS Inc., Chicago, IL, USA).

RESULTS

Study Population

Sedentary controls were well matched to elite athletes
with regard to age, weight, body mass index, body sur-
face area, and systolic blood pressure. Athletes had a

slower heart rate than sedentary controls (P for train-
ing � 0.01). The decrease in diastolic blood pressure
observed in male athletes (64 � 9 mmHg) compared to
male controls (75 � 7 mmHg) was sex-specific and was
not observed in females (P for interaction � 0.014).
Baseline characteristics of all subjects are shown in
Table 1.

LV and RV Volumes, Mass, and Global Function

When compared to sedentary controls, athletes, as ex-
pected, had significantly increased LV and RV end-
diastolic, end-systolic, and stroke volumes and mass
indices (Fig. 1), reflecting a training effect of 15% to
42%. In contrast, LV and RV ejection fractions re-
mained unchanged. We observed increased LV and RV
volume indices in male compared to female subjects,
but none of the parameters for LV and RV volumes,
mass, and ejection fraction showed any sex-specific
changes to exercise training (P � 0.05 for all interac-
tions; Table 2).

The ratios between the LV and RV volumes, masses,
and ejection fractions (Table 3) can be used to assess
whether LV and RV dilatation and hypertrophy are bal-
anced when compared to sedentary controls (20). Both
male and female athletes show balanced cardiac dila-
tation (LV/RV ratios for end-diastolic volume, end-sys-
tolic, and stroke volume index). The LV/RV ratio for
mass index was significantly increased in athletes com-
pared to controls (P for training � 0.006) and in males
compared to female subjects (P for sex �0.001), but
there was no sex-specific difference for the changes
observed to due exercise training (P for interaction �
0.35).

Systolic and Diastolic Myocardial Contraction
Patterns

Athletes had similar systolic and diastolic contraction
patterns when compared to sedentary controls (P for
training �0.05 for 7 of the 8 systolic and diastolic pa-
rameters), with the exception of the prolonged time to
peak systolic longitudinal velocity in athletes (P for
training � 0.003), and the shortened time to peak dia-

Table 1
Baseline Characteristics of Elite Athletes and Sedentary Healthy Controls

Male Female P value

Sedentary
(N � 21)

Athletes
(N � 23)

Sedentary
(N � 17)

Athletes
(N � 20)

Training Sex Interaction

Weight (kg) 80 � 11 79 � 12 63 � 10 66 � 6 0.61 <0.001 0.38
Height (cm) 182 � 6 185 � 10 169 � 5 174 � 5 0.03 <0.001 0.58
BMI (kg/m2) 24.1 � 3.2 23.1 � 2.8 21.9 � 2.9 21.9 � 1.9 0.43 0.007 0.39
BSA (m2) 2.01 � 0.15 2.01 � 0.20 1.72 � 0.16 1.79 � 0.10 0.26 <0.001 0.37
Training (hours/week) N/A 22 � 7 N/A 19 � 5 N/A 0.15 N/A
Training (years at elite level) N/A 9 � 5 N/A 9 � 5 N/A 0.70 N/A
Systolic blood pressure (mmHg) 121 � 8 117 � 8 111 � 8 115 � 10 0.70 0.003 0.07
Diastolic blood pressure (mmHg) 75 � 7 64 � 9 66 � 4 66 � 8 0.008 0.12 0.014
Mean blood pressure (mmHg) 91 � 7 82 � 7 81 � 4 82 � 8 0.06 0.02 0.009
Heart rate (bpm) 63 � 10 61 � 9 66 � 10 56 � 9 0.01 0.60 0.11

N/A � not applicable, BMI � body mass index, BSA � body surface area, bpm � beats per minute.
*P values � 0.05 in bold.
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stolic longitudinal strain-rate (P for training � 0.03).
Male and female subjects showed similar systolic and
diastolic relaxation patterns (P for sex �0.05 for all
diastolic and for 6 of 8 systolic parameters). Higher
peak systolic radial velocities and prolonged time to
peak systolic longitudinal strain-rate were observed in
male compared to female subjects (P for sex �0.001 and
0.04, respectively). No sex-specific differences of train-
ing effect on systolic and diastolic myocardial contrac-
tion patterns were observed (all P for interaction �0.05;
Table 4).

DISCUSSION

Our principal finding is that young adult elite athletes
show no MRI-detectable sex-specific adaptive struc-
tural and functional changes to chronic physiological
cardiac remodeling. This is in contrast to findings ob-
served in models of chronic pathological remodeling
thought to be modulated by the sex-specific hormonal
milieu (3–6,8). This study, therefore, provides further
evidence for the benign nature of the hypertrophy as-
sociated with athlete’s heart.

Our finding that athletes, mainly engaged in rowing,
swimming, and triathlon, show an unbalanced LV and
RV hypertrophy, favoring the LV, contrasts with a re-
port by Scharhag et al (20) in male endurance athletes.
This discrepancy might reflect differential effects to ex-
ercise type or severity as well as duration of training.
The LV mass (and index) increase in male athletes was
comparable for both studies (42% in our study vs.
36%), whereas the RV mass (and index) increased only
by 22% in our study as compared to 37% in theirs. The
technical difficulty in analyzing the RV mass may partly
explain differences between these two studies. We re-
port LV to RV volume and mass ratios for the first time
in female athletes, demonstrating absence of sex-spe-
cific differences to exercise training.

Our results show balanced LV and RV dilatation in
both male and female athletes, as determined by the LV
to RV ratio of end-diastolic, end-systolic, and stroke
volume. These findings confirm previous observations
for male athletes and extend them to female athletes
(20). Our findings suggest that there is no sex-specific
difference of balanced cardiac dilatation due to chronic
physiological dilatation.

The absence of sex-specific structural changes in
chronic physiological cardiac remodeling is in contrast
with observations made in models of chronic patholog-
ical remodeling. These sex-specific changes in patho-
logical remodeling have been attributed to estrogens
preventing and androgens facilitating cardiac hypertro-
phy (3–6,8). However, recent molecular studies have
indicated a fundamental difference in calcium-sensi-
tive signaling pathways leading to pathological (in-
cluding calcineurin-NFAT) and physiological (via the
activation of Akt through a phosphoinositide 3-ki-

Figure 1. End-diastolic still frames of steady-state free-pre-
cession cines in a male sedentary control (a: body surface area
1.84 m2, LV end-diastolic volume 158 mL, LV mass 98 g, RV
end-diastolic volume 193 mL, and RV mass 37 g) and a male
elite athlete (b: body surface area 2.37 m2, LV end-diastolic
volume 317 mL, LV mass 345 g, RV end-diastolic volume 331
mL, and RV mass 63 g).

Table 2
Left and Right Ventricular Volume Parameters of Elite Athletes and Sedentary Controls

Male Female P value*

Sedentary
(N � 21)

Athletes
(N � 23)

Training
effect
(%)

Sedentary
(N � 17)

Athletes
(N � 20)

Training
effect
(%)

Training Sex Interaction

LV ejection fraction (%) 67 � 6 70 � 6 4 68 � 7 68 � 6 0 0.54 0.71 0.32
LV end-diastolic volume index (mL/m2) 89 � 10 108 � 10 21 80 � 10 94 � 9 18 <0.001 <0.001 0.27
LV end-systolic volume index (mL/m2) 29 � 7 33 � 8 14 25 � 5 31 � 7 24 0.005 0.054 0.662
LV stroke volume index (mL/m2) 60 � 7 75 � 9 25 54 � 9 64 � 7 19 <0.001 <0.001 0.09
LV mass index (g/m2) 66 � 9 94 � 20 42 52 � 9 70 � 9 35 <0.001 <0.001 0.09
RV ejection fraction (%) 58 � 6 59 � 7 2 60 � 5 58 � 5 –3 0.69 0.54 0.09
RV end-diastolic volume index (mL/m2) 103 � 13 119 � 16 16 88 � 12 106 � 15 20 <0.001 <0.001 0.78
RV end-systolic volume index (mL/m2) 44 � 9 48 � 7 9 35 � 6 45 � 9 29 <0.001 0.001 0.10
RV stroke volume index (mL/m2) 59 � 9 71 � 14 20 53 � 9 61 � 9 15 <0.001 0.002 0.40
RV mass index (g/m2) 23 � 5 28 � 3 22 21 � 3 25 � 3 19 <0.001 0.013 0.66

LV � left ventricular, RV � right ventricular.
*P values � 0.05 in bold.
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nase pathway) hypertrophy (9). Therefore, the most
likely explanation for the lack of sex-specific adaptive
cardiac structural changes due to exercise training is
the underlying difference in the pathophysiological
mechanisms leading to cardiac hypertrophy and di-
latation. In our study, we did not document androgen
and estrogen levels in sedentary controls and ath-
letes. Therefore, a change of the hormonal balance
due to extensive training in male and female athletes
contributing to the lack of sex-specific cardiac
changes cannot be ruled out (29,30).

Our results indicate essentially normal contraction
and relaxation in highly-trained athletes. Furthermore,

there were no sex-specific changes to exercise training
on these systolic and diastolic parameters. While our
and previous studies agree on normal systolic function
(15,17), previous studies have been conflicting with re-
gard to diastolic function in athletes. Doppler-echocar-
diography and tissue Doppler imaging studies have
shown either normal (12,17,31–35) or augmented dia-
stolic function (36–39). A disadvantage of some of the
previous studies is the lack of age- and sex-matched
groups of sedentary controls (31,36,38).

Human and experimental studies indicate that estro-
gens can positively modulate myocardial function. A
number of studies have shown that healthy premeno-

Table 3
Left-to Right Ventricular Volume Parameters of Elite Athletes and Sedentary Controls

Male Female P value*

Sedentary
(N � 21)

Athletes
(N � 23)

Training
effect
(%)

Sedentary
(N � 17)

Athletes
(N � 20)

Training
effect
(%)

Training Sex Interaction

LV/RV ejection fraction (%) 1.2 � 0.1 1.2 � 0.2 0 1.1 � 0.1 1.2 � 0.1 9 0.27 0.26 0.51
LV/RV end-diastolic volume index (mL/m2) 0.9 � 0.1 0.9 � 0.1 0 0.9 � 0.1 0.9 � 0.1 0 0.30 0.61 0.11
LV/RV end-systolic volume index (mL/m2) 0.7 � 0.1 0.7 � 0.2 0 0.7 � 0.2 0.7 � 0.1 0 0.74 0.27 0.26
LV/RV stroke volume index (mL/m2) 1.0 � 0.1 1.1 � 0.2 10 1.0 � 0.1 1.1 � 0.1 10 0.13 0.53 0.50
LV/RV mass index (g/m2) 3.0 � 0.5 3.5 � 0.7 17 2.5 � 0.5 2.8 � 0.5 12 0.006 <0.001 0.35

LV/RV � left ventricular:right ventricular ratio of the parameter listed.
*P values � 0.05 in bold.

Table 4
Mean � SD Myocardial Velocities at Midventricular Level, Myocardial Torsion-Rate, and Longitudinal Strain-Rate
in Elite Athletes and Sedentary Controls

Male Female P value*

Sedentary
(N � 21)

Athletes
(N � 23)

Training
effect
(%)

Sedentary
(N � 17)

Athletes
(N � 20)

Training
effect
(%)

Training Sex Interaction

Peak systolic radial velocity
(cm.second�1) 3.64 � 0.58 3.74 � 0.91 �3 3.09 � 0.64 3.09 � 0.51 0 0.73 <0.001 0.75

Peak systolic longitudinal
velocity (cm.second�1) �4.74 � 1.97 �4.64 � 2.49 2 �3.91 � �1.51 �4.28 � 2.39 �9 0.79 0.27 0.66

Peak systolic torsion-rate
(deg.second�1.cm�1) 15.07 � 4.86 15.50 � 3.41 �3 16.02 � 4.36 13.01 � 3.30 23 0.17 0.41 0.07

Peak systolic longitudinal
strain-rate (second�1) �1.12 � 0.33 �1.03 � 0.39 9 �1.09 � 0.27 �0.89 � 0.28 22 0.09 0.29 0.49

Peak diastolic radial
velocity (cm.second�1) �4.21 � 0.83 �4.55 � 0.88 �8 �3.91 � 1.56 �4.42 � 1.01 �13 0.09 0.39 0.74

Peak diastolic longitudinal
velocity (cm.second�1) 8.10 � 2.00 9.30 � 1.71 �15 8.81 � 1.70 8.96 � 1.85 �2 0.13 0.68 0.24

Peak diastolic torsion-rate
(deg.second�1.cm�1) �11.61 � 4.97 �14.52 � 3.90 �25 �11.87 � 4.18 �12.70 � 4.61 �7 0.07 0.45 0.31

Peak diastolic longitudinal
strain-rate (second�1) 1.52 � 0.62 1.39 � 0.46 9 1.73 � 0.65 1.44 � 0.69 20 0.16 0.39 0.61

Time to peak systolic radial
velocity (%ES) 39 � 7 39 � 7 0 41 � 12 42 � 7 �2 0.72 0.19 0.64

Time to peak systolic
longitudinal velocity
(%ES) 16 � 27 39 � 46 �144 13 � 20 47 � 45 �262 0.003 0.73 0.56

Time to peak systolic
torsion-rate (%ES) 69 � 43 53 � 24 30 69 � 36 54 � 23 28 0.96 0.93 0.053

Time to peak systolic
longitudinal strain-rate
(%ES) 45 � 15 50 � 25 �11 55 � 13 61 � 24 �11 0.27 0.04 0.86

Time to peak diastolic
radial velocity (%ED) 18 � 4 19 � 6 �6 20 � 10 19 � 4 5 0.97 0.60 0.58

Time to peak diastolic
longitudinal velocity
(%ED) 19 � 7 20 � 5 �5 19 � 6 18 � 14 6 0.87 0.67 0.71

Time to peak diastolic
torsion-rate (%ED) 8 � 6 7 � 10 14 13 � 12 9 � 4 44 0.23 0.10 0.58

Time to peak diastolic
longitudinal strain-rate
(%ED) 19 � 7 18 � 7 �6 22 � 7 15 � 9 �47 0.03 0.98 0.21

ED � end-diastole, ES � end-systole.
*P values � 0.05 in bold.
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pausal women have higher ejection fractions when
compared to healthy age-matched men (40,41) or to
postmenopausal women (42). Similarly, papillary mus-
cles from female rats have higher rates of shortening
than male (43) and than gonadectomized female rats
(44). The absence of sex-specific adaptive functional
changes in our study suggests that this estrogen effect
may be important for baseline cardiovascular charac-
teristics, but not for adaptive functional cardiac
changes due to exercise training.

In conclusion, young adult elite athletes do not show
sex-specific adaptive structural and functional changes
to exercise training. Our data give further evidence of
the benign nature of athlete’s heart.
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