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Abstract

Athlete’s heart is generally regarded as a physiological adaptation to regular training, with specific morphological and functional
alterations in the cardiovascular system. Development of the noninvasive imaging techniques over the past several years
enabled better assessment of cardiac remodeling in athletes, which may eventually mimic certain pathological conditions with
the potential for sudden cardiac death, or disease progression. The current literature provides a compelling overview of the
available methods that target the interrelation of prolonged exercise with cardiac structure and function. However, this data
stems from scientific studies that included mostly male athletes. Despite the growing participation of females in competitive sport
meetings, little is known about the long-term cardiac effects of repetitive training in this population. There are several factors—
biochemical, physiological and psychological, that determine sex-dependent cardiac response. Herein, the aim of this review
was to compare cardiac adaptation to endurance exercise in male and female athletes with the use of electrocardiographic,
echocardiographic, and biochemical examination, to determine the sex-specific phenotypes, and to improve the healthcare pro-
viders’ awareness of cardiac remodeling in athletes. Finally, we discuss the possible exercise-induced alternations that should

arouse suspicion of pathology and be further evaluated.

athlete’s heart; cardiac biomarkers; echocardiography; electrocardiography; sex-related remodeling

INTRODUCTION

Long-term exercise training, as associated with increased
demand for cardiac output, promotes changes in cardiac mor-
phology and function called the “athlete’s heart” (1). For
many years, participation in competitive sporting events was
limited to male athletes. However, since the second half of
the 20th century, the number of female athletes has steadily
increased. In the first edition of “Berliner Volksmarathon” in
1974, 3.3% of women took part, whereas in 2018 this percent-
age increased to 30.2% (2). Indeed, in 2018, for the first time in
history, more female than male endurance runners competed
worldwide (50.24% vs. 49.76%) (3). As most studies on cardiac
adaptation to training investigated male athletes, it is impor-
tant to determine the sex-specific phenotypes to better distin-
guish physiological remodeling from pathological changes.

Prolonged periods of exercise followed by a cumulative
increase in preload and afterload contribute to concentric
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cardiac remodeling in the form of left ventricular (LV) wall
thickening to a greater extent in males than females (4).
According to Finocchiaro et al. (5), who examined over 1,000
elite athletes, an average ventricular mass was higher in
males than in females, whereas indexed ventricular dimen-
sions were greater in females. Approximately 15% of male
athletes engaged in endurance sports developed concentric
hypertrophy compared with only 4% of females. In contrast,
female athletes exhibited a higher prevalence of eccentric
remodeling compared with males. Indeed, eccentric hyper-
trophy is a normal finding in females as opposed to concen-
tric remodeling, which should arouse suspicion of pathology
and be further evaluated. Although female athletes are
smaller and have lower lean body mass, the discrepancies
between sexes cannot be fully explained by the different
body size. Normalization of LV mass for body surface area
(BSA) or height did not change the pooled outcomes, and
males continued to significantly exceed females (6).
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There are several factors responsible for sex-specific car-
diac response to exercise (Table 1). One of them is the hormo-
nal profile and, consequently, cardiac protein synthesis (7).
According to Handelsman et al. (8), prior to the onset of pu-
berty, there are minimal differences in androgen levels
between males and females. From puberty onward, males
have higher circulating testosterone concentrations, exceed-
ing 15- to 20-fold that of females at any age, and a higher
density of androgen receptors. Genetic and immunohisto-
chemical tests revealed that these receptors are present in
cardiac myocytes from multiple species, including infant
and adult humans of both sexes (9, 10). The two main bioac-
tive androgens—testosterone and its metabolite dihydrotes-
tosterone, cause hypertrophy by acting directly on cardiac
muscle cells, increasing the incorporation of amino acids
into protein (10). Antiandrogenic therapy has been shown to
reverse pathological cardiac hypertrophy in murine models
(11), demonstrating that the hypertrophic effect of the andro-
genic agents is mediated specifically by hormone binding to
the androgen receptor.

Conversely, estrogen has a protective effect on cardiomyo-
cytes, suppressing cardiac hypertrophy and combating age-
related degradation (12). What is more, the higher levels of
circulating estrogen in females contribute to differences in
substrate oxidation during exercise (13). Females derive
more energy from fatty acids, whereas men predominantly
from carbohydrate oxidation (14). It might be explained by
reproductive role of women and greater priority for carbohy-
drate conservation under conditions of increased energy
demand. As concentrations of estrogen change throughout a
woman’s lifetime, it is important to determine the actual
female’s hormonal status, so as to properly interpret the
response to exercise. Most of available research, along with
this review, focuses on premenopausal women with highest
estrogen levels and enhanced reliance upon the lipid oxida-
tion. Menopause leads to a decline in plasma estrogen concen-
trations and, therefore, influences female athletic performance
and substrate utilization profile.

Moreover, sex differences exist in the neuroendocrine
response during training. In the study of Davis et al. (15), dur-
ing exercise on cycle ergometer males had significantly greater
sympathetic nervous system drive than females, as assessed
by increased levels of catecholamines. In keeping with sympa-
thetic activation, prolonged training was responsible for
higher systolic and mean arterial pressures in men. Women,
on the contrary, have greater parasympathetic dominance and
lower sympathetic control of heart rate than men (16). The
increased catecholaminergic response in male athletes follow-
ing endurance exercise may result in greater reduction in

B-receptor responsiveness and, consequently, greater reduc-
tion in LV systolic function compared with females (17). What
is more, discrepancies exist in the autonomic regulation of
exercise-induced lipid mobilization. In men exercise promotes
both B- and a-receptors activation, whereas only B-receptors
are activated in adipose tissue of women (18). As these are
a-receptors that inhibit lipolysis (19), women may compensate
for diminished sympathetic drive during exercise by greater li-
polytic response. However, the increased percent body fat per
se may also contribute to an enhanced lipolysis in women and
cannot be overlooked. Future investigations should further
explore the autonomic regulation in male and female athletes
and provide its clinical implications.

As presented, male and female athletes exhibit many mor-
phological and functional differences that influence exer-
cise-induced cardiac remodeling. Therefore, in this review
we will summarize the current knowledge on sex-related
changes in cardiac adaptation to training, with the use of
electrocardiography (ECG), echocardiography, and biochem-
ical blood tests.

ELECTROCARDIOGRAPHY

ECG is a useful screening technique in athletes that helps
distinguish exercise-induced physiological remodeling from
pathological changes. Over the years, standardized criteria
for ECG interpretation in athletes have been introduced.
Since 2010, when the European Society of Cardiology (ESC)
recommendations for ECG interpretation in athletes were
published (20), standards of ECG analysis have undergone a
number of modifications aimed at improving accuracy and
effectiveness in screening for cardiac pathologies. In 2012,
an international group of experts in sports cardiology created
“the Seattle Criteria” for ECG interpretation (21) based on the
emerging research to help physicians detect ECG abnormal-
ities, potentially associated with sudden cardiac death (SCD).
Sheikh et al. (22) proposed further changes, adding a “border-
line group” to “training-related” and “training-unrelated” fac-
tors. This update excluded several specific ECG patterns if
present in isolation, significantly reducing the burden of false-
positive ECGs in athletes. Finally, in 2017, an international con-
sensus was reached and the current recommendations for ECG
interpretation in athletes were published (23) (Table 2).

The normal ECG findings that represent physiological ad-
aptation to endurance exercise include sinus bradycardia,
first-degree atrioventricular block (AVB), Mobitz type 1 sec-
ond-degree AVB, incomplete right bundle branch block
(RBBB), isolated QRS voltage criteria of left (LVH) or right
ventricular hypertrophy (RVH), early repolarization, ectopic

Table 1. The determinants of sex-specific differences in cardiac adaptation to exercise

Sex Hormonal Profile

Metabolic Processes

Neuroendocrine Response Gene Expression

Male 1 Testosterone levels induce
androgen receptors on cardiac

myocytes causing hypertrophy

during exercise

Female 1 Estrogen levels suppress hyper-
trophy and age-related degra-
dation of cardiac myocytes

during exercise

1 Carbohydrate and | fat oxidation

1 Fat and | carbohydrate oxidation

T Sympathetic activity during
exercise

T Renin-angiotensin system
gene polymorphisms asso-
ciated with left ventricular
hypertrophy

| Renin-angiotensin system
gene polymorphisms asso-
ciated with left ventricular
hypertrophy

1 Parasympathetic dominance
and withdrawal of sympa-
thetic response during
exercise

1 relatively greater response; | relatively lower response.
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Table 2. Variants of electrocardiographic changes in athletes based on international criteria

Training-Related

Borderline Training-Unrelated

Sinus bradycardia or arrhythmia

1° AV block

Mobitz Type | 2° AV block

Incomplete RBBB

Increased QRS voltage for LVH or RVH

Early repolarization pattern

Ectopic atrial or junctional rhythm

ST elevation with T wave inversion in V1-V4 in black athletes
T wave inversion in V1-V3 in athletes aged <16

Left axis deviation

Right axis deviation

Left atrial enlargement
Right atrial enlargement
Complete RBBB

T wave inversion

ST segment depression
Pathological Q-waves

Complete LBBB

Epsilon wave

QRS duration > 140 ms
Ventricular pre-excitation
Brugada Type 1 pattern
Prolonged QT interval

Profound sinus bradycardia < 30 beats/min
PR interval > 400 ms

Mobitz Type Il 2° or 3° AV block
> 2 PVCs per 10 s tracing

Atrial and ventricular arrhythmias

AV, atrioventricular; LBBB, left bundle branch block; LVH, left ventricular hypertrophy; PVC, premature ventricular contraction;
RBBB, right bundle branch block; RVH, right ventricular hypertrophy.

atrial/junctional rhythm, ST elevation with T wave inversion
(TWI) in V1-V4 in black athletes, and TWI in V1-V3 in ath-
letes aged < 16. Borderline variants, such as left or right axis
deviation, left (LAE) or right atrial enlargement (RAE), and
complete RBBB, if present in isolation require no further
evaluation. However, two or more borderline ECG changes
are considered pathological and may warrant additional
investigation.

The abnormal ECG variants in athletes that always require
further assessment to exclude the presence of cardiac disease
include TWI in two or more contiguous leads in an anterior, lat-
eral, inferolateral, or inferior territory, ST segment depression,
pathological Q-waves, complete left bundle branch block
(LBBB), Epsilon wave, profound nonspecific intraventricular
conduction delay > 140 ms, ventricular pre-excitation, Brugada
Type 1 pattern, prolonged QTc, profound sinus bradycardia <
30 beats/min, profound first-degree AVB > 400 ms, advanced
second- or third-degree AVB, multiple premature ventricular
contractions, atrial and ventricular arrhythmias.

There are several factors, such as age, ethnicity, sex, type
of sport, and training duration, that influence the ECG inter-
pretation in athletes. As previously mentioned, male and
female athletes exhibit different cardiac adaptation to train-
ing and, therefore, present various exercise-induced ECG
abnormalities. However, the international recommendations
for ECG interpretation (23) include the same normal range
values for both sexes, except from QTc cut-off values, which
have been established at the level of 470 ms in male and 480
ms in female athletes. As most of available studies on ECG
abnormalities concern male athletes with few data on female
counterparts (24), we present a brief summary of sex-specific
ECG differences in athletes (Fig. 1).

According to Pelliccia et al. (25), normal ECG pattern was
more common among female athletes compared with males
(78% vs. 55%; P < 0.01), and males had significantly larger
proportion of either distinctly (17% vs. 8%; P < 0.001) or
mildly abnormal (28% vs. 14%; P < 0.001) ECGs compared
with females. However, research conducted with the applica-
tion of Seattle criteria showed no statistically significant dif-
ferences in both normal and abnormal ECGs between male
and female athletes, but males were more likely to have two
or more of training-related findings than females (85% vs.
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59%, P < 0.001) (26). This discrepancy was largely explained
by differences in the proposed definitions of TWI, QTc inter-
val, and LAE between current Seattle criteria and the previ-
ous ESC recommendations from 2010.

Taking training-related changes into consideration, Bessem
et al. (27), in his study on 1,436 athletes, showed that male ath-
letes had significantly higher incidence of sinus bradycardia
(38.3% vs. 23.0%), incomplete RBBB (15.0% vs. 3.7%), early
repolarization (4.5% vs. 1.0%), isolated QRS voltage criteria for
LVH (26.3% vs. 4.6%), had longer PR intervals (149 ms vs. 141
ms) and QRS duration (98 ms vs. 88 ms). In contrast, female
athletes had significantly higher resting heart rates (69 beats/
min vs. 64 beats/min). These findings are in agreement with
previous studies by Mandic et al. (28) and by D’Ascenzi et al.
(29), both demonstrating lower prevalence of atrioventricular
and intraventricular conduction delays along with ECG crite-
ria of LVH and RVH in females. However, Corici et al. (30)
found no significant sex-related differences in PR interval du-
ration, QRS axis, incomplete RBBB, or early repolarization
incidence. Although in the study of Finocchiaro et al. (5) QRS
duration was similar between sexes (82 12 ms vs. 87 +13 ms in
females and males respectively; P = 0.156), female athletes
very rarely exhibited the prolongation of this parameter >100
ms (3% vs. 33%; P < 0.001), which might be related to the dif-
ferent adaptation process between sexes, and lower incidence
of concentric LV remodeling in women, as described further.

Among borderline variants, QRS frontal plane axis was
more horizontal in the female group (63.2° vs. 66.4°; P =
0.019), in a study on more than 1,000 students of physical
education and sport (31). There are conflicting results con-
cerning the influence of sex on the incidence of LAE in ath-
letes. Our recent research on amateur marathon runners
showed that LAE was the most frequent borderline finding
and occurred significantly more often in females than in
males (48% vs. 20%; P = 0.03) (32). While Finocchiaro et al. (5)
demonstrated that the presence of LAE was slightly higher in
male athletes, not reaching the statistical significance (5.0%
in males vs. 2.5% in females; P = 0.06). This discrepancy
might be explained by other factors that impact exercise-
induced cardiac response, such as type of sport, training vol-
ume, and years of practice. On the contrary, there were no re-
markable differences in the incidence of RAE between male
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Figure 1. Comparison of electrocardio-

graphic changes in male and female
athletes.
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ECG, electrocardiographic; ER, early repolarization; RVH, right ventricular hypertrophy; LVH, left ventricular
hypertrophy; LAE, left atrial enlargement; TWI, T wave inversion.

and female athletes (43% vs. 48%; P = 0.837) (32). However,
when we assessed the acute changes, a significantly greater
number of athletes of both sexes met the ECG criteria for RAE
after the marathon run compared with baseline, with similar
rate of LAE between the stages (32). These outcomes corre-
sponded with our further echocardiographic study on the
same population restricted to female amateur runners, in
which a remarkable post-race increase in right atrial (RA) size
and no relevant decrease in left atrial (LA) dimensions were
noticed (33).

When analyzing the repolarization disorders, TWI in the
anterior precordial leads was more prevalent in female ath-
letes than in males (39.9% in females vs. 29.4% in males;
P = 0.05) (29), whereas males had a higher incidence of in-
ferior TWI (31.5% in males vs. 9.2% in females; P = 0.02).
These findings are consistent with the previous study by
Malhotra et al. (34), who detected anterior TWI in 338 indi-
viduals (2.3%), more frequently in females than in males
(4.3% vs. 1.4%; P < 0.0001) and more commonly among ath-
letes than in nonathletes (3.5% vs. 2.0%; P < 0.0001). The
TWI was predominantly confined to V1 to V2 (77% of cases),
and if extended to V3-V4, was more common in females.
Because anterior TWI beyond V2, especially when preceded
by J-point elevation, may mimic ventricular involvement
in the form of hypertrophic cardiomyopathy (HCM) or
arrhythmogenic right ventricular cardiomyopathy (ARVC)
(35), it requires further investigation to exclude cardiac dis-
ease. However, such ECG abnormality is detected extremely
rarely, usually restricted to singular leads, and should be

H1068

considered a physiological variant in asymptomatic white
individuals without a relevant family history.

Finally, female athletes in the postpubertal phase had sig-
nificantly longer QTc intervals than males, owing to a longer
ventricular action potential, as reported by Bessem et al. (27)
and Corici et al. (30). Our research, concerning postexercise
changes in ECG parameters in male and female marathon
runners, demonstrated significant QTc interval prolongation
after endurance exercise in both sexes, however, to a higher
degree in males (P = 0.029 for the interaction stage and sex)
(32). This finding was supported by Ogedengbe et al. (36),
who performed stress test by bicycle ergometer on 40
healthy individuals and presented a larger increase in the
QTc duration in males compared with females (P < 0.05).
Since prolonged QTc interval is an independent risk factor of
SCD due to malignant arrhythmias (37), it is not surprising
that the incidence of SCD is higher in males than in females
(38). Corrado et al. (39) in their study on more than 110,000
athletes reported an incidence rate of SCD of 2.6/100,000
person-years in males compared with 1.1/100,000 person-
years in females, whereas according to Marijon et al. (40)
only 5.2% of exercise-related SCD occurred in women,
which corresponded to male:female ratio of 18:1. Moreover,
Finocchiaro et al. (41) showed that sudden arrhythmic death
syndrome (SADS) was the most frequent cause of death
(42%), in his research on 357 suddenly deceased athletes,
with myocardial diseases responsible for only 35% of cases.

Considering the aforementioned data, the 12-lead ECG is a
relatively simple and inexpensive method that strengthens
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the limited diagnostic efficacy of medical history and physical
examination during preparticipation evaluation of athletes.
Although most of the routinely performed ECGs are normal
with only minor training-related changes, there are several
ECG patterns principally recognized in endurance athletes of
younger age and male sex that raise clinical suspicion of car-
diovascular disease. These include increased precordial R or S
wave voltages, deep Q waves, and interventricular conduction
or repolarization disorders. If present, further echocardio-
graphic assessment of cardiac chambers’ morphology and
function is required, so as to early detect additional signs of
underlying structural heart disease. Moreover, the application
of 24-h Holter ECG monitoring would help identify potential
arrhythmia triggers that account for the vast majority of sud-
den deaths in athletes.

In conclusion, both male and female athletes exhibit
abnormalities in the ECG examination. This is why ECG
screening in elite and nonelite athletes should always be
considered, and ECG recommendations for athletes rather
than for the general population should be used. As exercise-
induced cardiac remodeling proceeds differently between
sexes, it is important to implement sex-related cut-off values,
which are not yet available, to increase the sensitivity and
specificity of ECG interpretation, and to reduce the number
of false-positive and false-negative results.

ECHOCARDIOGRAPHIC EXAMINATION

Echocardiography is an easily approachable and rapidly
developing method that enables accurate evaluation of car-
diac remodeling in athletes. The introduction of new concepts,
such as strain rate or three-dimensional (3-D) echocardiogra-
phy, influenced current knowledge with further analysis of
structural and functional changes in this population. The
extent of cardiac remodeling varies across the sport disci-
plines, depending on the hemodynamic overload associated
with training (42). Indeed, endurance athletes adapt primarily
by increasing the size of ventricles and atria due to the largest
increase in preload, whereas resistance athletes tend to pres-
ent with concentric chamber hypertrophy. In this chapter, we
will summarize existing research on exercise-induced echo-
cardiographic changes in athletes, with an emphasis on sex-
specific responses. The assessment of each cardiac chamber
includes structural and functional adaptation to training with
explanation of underlying physiological mechanisms. Tables 3
and 4 cover normative values for biventricular and biatrial
echocardiographic parameters in male and female athletes, to
better distinguish physiological from pathological range of
measures. However, there is a lack of studies on 3-D phasic
function of RA in male athletes. Therefore, values of these pa-
rameters were not included in Table 4.

Ventricular Morphology

Training has been found to induce ventricular chamber dil-
atation in both male and female athletes, most notably in en-
durance counterparts (52). Volume and pressure overload
seems to particularly affect the right heart chambers because
of their thin walls and greater susceptibility to recurrent
increase in pulmonary pressure during exercise (53). Although
absolute right ventricular (RV) and LV dimensions were larger
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in males, after normalization for BSA, females achieved higher
values with a larger LV/RV ratio (29). This might be explained
by greater LV plasticity and, consequently, greater capacity for
cavity enlargement in females, supporting the concept that
cardiac remodeling in athletes is a balanced, biventricular
phenomenon. Analyzing the thickness of ventricular walls,
both RV and LV mass indices were increased in athletes com-
pared with the control group leading a sedentary lifestyle, to a
greater extent in males than in females (6, 46). Indeed, as pre-
viously mentioned, females adapt primarily by developing
eccentric hypertrophy, whereas males show mainly concentric
LV remodeling.

In the cohort of 600 elite female athletes, Pelliccia et al. (6)
showed that LV end-diastolic diameter exceeded normal
limits (>54 mm) in 8% of athletes, whereas only 1% of study
counterparts had LV dimensions within the range consistent
with primary dilated cardiomyopathy (DCM) (>60 mm).
Maximal LV wall thickness was 14% greater in female ath-
letes compared with sedentary controls, but 23% lower than
in male athletes. Importantly, none of female athletes had
LV wall thickness in the “gray zone” (between 12 and 16 mm)
distinguishing physiological athletic heart from pathologic
HCM, in contrast to approximately 2% of male athletes with
results >13 mm. Furthermore, Zaidi et al. (54) showed that
61% of male and 46% of female athletes exhibit RV dimen-
sions that fulfill the minor criteria for ARVC, whereas 37% of
male and 24% of female athletes exceed the major criteria of
RV dilatation defining ARVC. Therefore, an enlarged LV rais-
ing suspicion of DCM, RV remodeling resembling ARVC or
LV wall thickness consistent with HCM is considered more
common in male athletes. Such cases should always be thor-
oughly investigated with the use of various imaging techni-
ques to detect other patterns confirming the diagnosis of
underlying cardiovascular disease (Fig. 2).

There are several possible mechanisms—hormonal, mo-
lecular, and genetic, underlying the sex-specific alternations
in ventricular morphology. Female sex hormone, estrogen,
appears to attenuate adverse cardiac remodeling by increasing
the expression of the antihypertrophic proteins in the LV, such
as myocyte-enriched calcineurin-interacting protein (MCIP1),
calcineurin inhibitor responsible for pathological hypertrophy
(55). What is more, Pedram et al. (56) observed that treatment
with 17-p-estradiol inhibits signaling pathways of angiotensin
II and endothelin-1, vasoconstrictors released in response to
hemodynamic overload, preventing increase in cardiac
mass. In contrast, testosterone induces hypertrophy via
androgen receptors’ pathways and cytosolic or nuclear sig-
naling pathways. Androgens activate nuclear factor of
activated T cells (NFAT) and inhibit glycogen synthase ki-
nase3 (GSK-3p) leading to cardiomyoblast hyperprolifera-
tion (57). Whereas, testosterone deficiency in rats with
severe volume overload resulted in reduced LV mass and
dilatation, better function, and decreased the expression
of genes involved in pathologic LV remodeling (58).
Interestingly, several animal studies have shown conflict-
ing results in physiological exercise-induced hypertrophy
(59, 60). Female mice exhibited greater hypertrophic
response to training than male mice, which might be
linked with increased free fatty acid levels and augmented
lipolysis, emerging from elevated expression of genes
involved in lipid oxidation (60). Indeed, genetic factors are
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Table 3. Normative values for biventricular morphology and function in athletes assessed by two- and three-
dimensional echocardiography

First Author No. of Athletes Parameter Male Athletes Female Athletes
Finocchiaro et al. (5) 1,083 (59% males) LVEDD, mm 54+5 49+4
IVSd, mm 10.0+1.3 8.7+12
PWd, mm 9.6+12 8.4+1.2
RWT 0.36+0.04 0.35+0.04
LVM index, g/m? 101+ 21 83+17
Roslan et al. (42) 100 (50% males) LVEDV index, mL/m? 67.4+14.8 57.3+11.6
LVESV index, mL/m? 27.8+14.8 240+7.6
LVEF, % 60.5+4.1 61.6+4.0
LV GLS, % —20.0t2.4 —219+25
LV GCS, % —21.0+2.8 —22.8+2.4
Caselli et al. (43) 1,145 (61% males) E-wave velocity, cm/s 84+15 91+14
A-wave velocity, cm/s 46+10 49+10
E/A ratio 1.92+0.51 1.94+0.49
IVRT, ms 85+14 80+12
DT, ms 205+41 210+39
e’-wave velocity, cm/s 13.5+2.2 14.2+21
Ele' ratio 6.28+1.17 6.49+1.23
D’Ascenzi et al. (29) 720 (50% males) RV basal diameter, mm 40.2+51 35.1+4.8
RV mid-cavity diameter, mm 27.2+46 23.9+4.2
RV longitudinal diameter, mm 89.3+9.5 79.4+9.3
RV diastolic area, cm? 25.1+49 19.5+5.2
RV systolic area, cm? 12.2+35 91427
RV FAC, % 51.5+8.5 53.3+9.1
TAPSE, mm 243+3.7 23.8+33
s’ velocity, cm/s 14.6+2.4 141421
Fabian et al. (44) 422 (70% males) 3-D LVEDV index, mL/m? 84.3+13.1 74.3+10.5
3-D LVESV index, mL/m? 37.0+7.2 31.3+5.9
3-D LVSV index, mL/m? 472+76 43.0+6.5
3-D LVEF, % 56.2+4.0 57.9+4.4
3-DLVGLS, % —-18.9+2.3 —19.8+21
3-D LV GCS, % —274+29 —283+33
3-D RVEDV index, mL/m? 84.7+14.6 73.6+12.1
3-D RVESV index, mL/m? 38.7+8.8 31.9+7.2
3-D RVSV index, mL/m? 46.1+7.7 41.7+6.7
3-D RVEF, % 54.6+4.6 56.9+4.8

Data are presented as means * SD. 3-D, three-dimensional; DT, deceleration time; FAC, fractional area change; GCS, global circumfer-
ential strain; GLS, global longitudinal strain; IVRT, isovolumic relaxation time; IVSd, interventricular septum diameter; LV, left ventricle;
LVEDD, left ventricular end-diastolic diameter; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction;
LVESYV, left ventricular end-systolic volume; LVM, left ventricular mass; LVSV, left ventricular stroke volume; PWd, posterior wall diame-
ter; RV, right ventricle; RVEDV, right ventricular end-diastolic volume; RVEF, right ventricular ejection fraction; RVESV, right ventricu-
lar end-systolic volume; RVSV, right ventricular stroke volume; RWT, relative wall thickness; TAPSE, tricuspid annular plane systolic

excursion.

gaining importance, while analyzing cardiac adaptation
to training. The angiotensin-converting enzyme (ACE)
expression, via kinins degradation and angiotensin II acti-
vation, enhances muscle growth and cardiac chamber
remodeling (61). In contrast, the administration of an ACE
inhibitor prevents cardiac hypertrophy (62). In the study
on Japanese endurance runners of both sexes, a significant
association between ACE allelic distribution and race distance
was detected only in male counterparts (63). However, differ-
ences in ACE genotype between sexes and their influence on
exercise-induced cardiac changes remain incompletely under-
stood and require further investigation.

Ventricular Systolic Function

The data available in the literature on the resting systolic
function of the athlete’s heart are contradictory. Generally,
male and female athletes exhibit both ventricular contractil-
ity within the normal range, with no significant differences
compared with sedentary individuals (42, 44). However, a
recent 3-D echocardiographic study in elite athletes revealed
a mild but significant reduction in ejection fraction (EF) of

both ventricles, accompanied by a decrease in global strain
rate compared with controls (64). The presented outcomes
correspond with a recent research on rat models. Sun et al.
(65) as first applied the stratified strain technique to deter-
mine the left ventricular wall motion abnormalities of each
myocardial layer, so as to early detect decreased cardiac
function. In response to 8 wk of endurance training, a signifi-
cant attenuation of LV global longitudinal strain (GLS) and
global circumferential strain (GCS) was noticed, following a
decreasing trend from the subendocardial layer to the sube-
picardial layer. The lower systolic values might result from
less intense contraction required for larger chambers to
maintain stroke volume. The observed reduction in ventricu-
lar contractile parameters was more pronounced in male
than in female subjects. According to D’Ascenzi et al. (29),
who examined 720 Olympic athletes, LVEF and RV fractional
area change (FAC) are relatively higher in females, whereas
LV and RV tissue Doppler systolic velocities (s’) are higher in
males. In another study on 163 master athletes, LVEF and
RV systolic parameters—FAC and tricuspid annulus plane
systolic excursion (TAPSE), did not differ between sexes.
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Table 4. Normative values for biatrial morphology and function in athletes assessed by two- and three-dimensional
echocardiography

First Author No. of Athletes Parameter Male Athletes Female Athletes
Iskander et al. (45) 7,018 (78% males) LA diameter, mm 36.0+3.2 342134
Zaidi et al. (46) 675 (81% males) RAA, cm? 19.5+45 171+4.0
Roslan et al. (42) 100 (50% males) LAV index, mL/m? 311+9.8 28.0+£6.2

RAV index, mL/m? 25.2+87 19.4+5.3
Lakatos et al. (47) 138 (62% males) 3-D LA total EV index, mL/m? 18.0£3.6 19.5+3.7
3-D LA passive EV index, mL/m? 13.7+31 15.1£3.4
3-D LA active EV index, mL/m? 43+21 45+23
3-D LA total EF, % 57.2+5.7 59.5+6.7
3-D LA passive EF, % 440+7.4 456+7.8
3-D LA active EF, % 232199 254187
Lasocka et al. (48) 27 (100% females) 3-D RA total EV index, mL/m? - 16.9+4.7
3-D RA passive EV index, mL/m? - 10.5+3.2
3-D RA active EV index, mL/m? - 59+2.8
3-D RA total EF, % - 539183
3-D RA passive EF, % — 33.7+9.1
3-D RA active EF, % - 27.7+8.6
D’Ascenzi et al. (49) 23 (100% males) LA PALS, % 39.7+8.4 -
LA PACS, % 10.6+3.8 -
D’Ascenzi et al. (50) 110 (100% males) RA PALS, % 40.9+9.9 -
RA PACS, % 131+4.8 -
D’Ascenzi et al. (51) 24 (100% females) LA PALS, % - 439+95
LA PACS, % - 15.5+4.0
RA PALS, % - 42.8+10.6
RA PACS, % — 15.6+5.6

Data are presented as means * SD. 3-D, three-dimensional; EF, emptying fraction; EV, emptying volume; LA, left atrium; LAV, left
atrial volume; PACS, peak atrial contraction strain; PALS, peak atrial longitudinal strain; RA, right atrium; RAA, right atrial area; RAV,
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right atrial volume.

Whereas strain rate analysis revealed higher LV GLS and
lower LV peak strain dispersion in women than in men (66).
Directly after prolonged endurance training associated
with long-term exposure to circulating catecholamines due
to desensitization and downregulation of adrenergic recep-
tors, a transient deterioration in LV systolic function was

LV wall thickness
13-15 mm
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LV wall thickness
> 16 mm

» bizarre LVH patterns
» LV outflow tract

obstruction

» small LV cavity

» diastolic dysfunction
of LV

DCM

» LV end-diastolic
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of LV both at rest and
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Atbhlete’s heart
» symmetrical
biventricular and
biatrial dilatation
» normal systolic and
diastolic function
of ventricles

RV dilatation LV dilatation

RV dilatation
systolic dysfunction
of RV

» RV wall motion
abnormalities /
aneurysms

HCM, hypertrophic cardiomyopathy; LV, left ventricle; LVH, left ventricular hyp: phy: DCM, dilated i P

ARVC, arrhythmogenic right ventricular cardiomyopathy; RV, right ventricle.
Figure 2. Differentiating echocardiographic features between the ath-
lete’s heart and cardiac disease. The gray zone overlap between physio-
logical remodeling and pathological changes.
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observed (17, 67). A significantly greater decrease in LVEF
was found directly after training in males than in females.
This discrepancy might be explained by dominant sympa-
thetic regulation both at rest and during exercise in male
athletes compared with parasympathetic predominance in
females. Consequently, the increased sympathetic response
leads to a greater reduction in B-receptor responsiveness and
a greater decrease in LV contractility (15, 68). In addition,
female sex hormone has a protective effect on the preserva-
tion of cardiomyocytes. Although both male and female ath-
letes have estrogen receptors on their cardiac cells,
premenopausal women due to increased concentration of
the hormone experience greater regulation of genomic and
nongenomic cardiac remodeling pathways, greater attenua-
tion of cardiomyocyte apoptosis, greater modulation of LV
hypertrophy, and greater adjustment of cardiac contractile
function than males (43).

Ventricular Diastolic Function

Doppler echocardiography in the evaluation of diastolic
function in athletes allows to determine the physiological
remodeling of the LV and distinguish it from pathologic con-
ditions, such as HCM or myocardial fibrosis, with a pro-
nounced impairment of diastolic performance. In the large
cohort of Olympic athletes, Caselli et al. (51) noticed higher
early/atrial (E/A) ratio, mainly due to a decrease in the mean
A-wave velocity, without significant changes in E-wave ve-
locity compared with untrained controls. This means that in
athletes most of the LV filling occurs in the early diastole
with relatively lower contribution of LA active contraction.
All subjects had E/A ratios > 1.0, with 3% of endurance ath-
letes presenting values >3.0. Furthermore, isovolumic relax-
ation time (IVRT) and deceleration time of the E wave were
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longer in athletes, whereas early (e’) and late (a’) diastolic
peak tissue velocities were lower in athletes. Finally, E/e’
ratios, although higher in athletes, were within the normal
range in the whole study population, which corresponded
with other research (69, 70). Therefore, a restrictive LV filling
pattern should only be suspected if there is a marked con-
comitant increase in the E/A and E/e’ ratios.

Taking into account the differences between sexes, it has
been shown that female athletes have higher E- and A-wave
velocities than males and, consequently, similar E/A ratios
(71). Although e’ and a’ velocities were not influenced by sex,
EJ/e’ ratios were increased in females, presumably as a result
of smaller heart size and reduced cardiac volume compen-
sated with elevated filling pressures (66). Therefore, sex-spe-
cific alternations in diastolic function seem to be dictated by
modifications in LV geometry that are considered more pro-
nounced in males. When analyzing acute changes, directly
after prolonged training, a significant reduction in E/A ratio
was noticed, to a larger extent in male than in female ath-
letes (17). Interestingly, a decrease in E/A ratio following
exercise was greater than the concomitant decrease in echo-
cardiographic parameters of the systolic function in both
sexes. Among females, differences persist depending on hor-
monal status. Knebel et al. (72) compared pre- and post-
menopausal female athletes and showed a significantly
greater reduction in E/A ratio in postmenopausal runners
immediately after the marathon, reflecting a mild diastolic
dysfunction, followed by a pronounced elevation in the E/e’
ratio. However, the observed changes were transient and
there were no signs of diastolic dysfunction in the 2-wk ob-
servation period.

Echocardiographic evaluation of LV diastolic function, as
a noninvasive technique for cardiac passive stiffness predic-
tion, may be used to assess exercise capacity in athletes (73).
Cardiac passive stiffness generally refers to the increase in
LV end-diastolic pressure, measured indirectly with LV early
filling parameters. Molecularly, the giant elastic protein titin
is the primary contributor to passive stiffness at physiologi-
cal muscle sarcomere lengths. Cardiac passive stiffness
might be modified by altering titin isoform size or by post-
translational modifications (74). In both human (75) and ani-
mal models (76), the increased left ventricular passive stiff-
ness correlated with reduced exercise tolerance due to
impaired diastolic filling. Similarly, Apor et al. (75) reported
that endurance athletes compared with controls have lower
resting chamber stiffness and are able to generate a higher
cardiac output without increasing filling pressures during
exercise. Elaborating sex-specific differences based on the
available reports, male athletes have greater estimated wall
stiffness and wall stress upon passive filling than females for
a comparable amount of training and performance (77), sug-
gesting enhanced exercise capacity in females.

Atrial Morphology and Function

The remodeling of an athletic heart involves not only the
ventricles, but also the atria. With the use of novel echocar-
diographic techniques, it is possible to characterize atrial
morphology and function influenced by training, and to
stratify the risk of supraventricular arrhythmias associated
with atrial deformation (45). In a meta-analysis on 7,189
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athletes, Iskandar et al. (78) showed that the study partici-
pants had significantly greater LA size in terms of both LA
diameter and LA volume index compared with the control
group, to the largest extent in the endurance athletes.
According to Mosén et al. (79), who confirmed LA enlarge-
ment in male and female athletes, also RA volumes after nor-
malization for BSA were larger in athletes. Moreover, LA and
RA response to intensive training is dynamic, and atrial ad-
aptation changes with the exercise loads. Baggish et al. (49)
reported an increase in LA volumes in endurance athletes af-
ter 90 days of team training. While D’Ascenzi et al. (69)
observed a significant biatrial enlargement in a population
of female athletes after 16 wk of intensive exercise, but no
severe atrial dilatation was noticed in any of the study partic-
ipants. Taking sex-specific changes into consideration, the
aforementioned studies report that both LA and RA volumes
are greater in male than in female athletes (78, 79). However,
female athletes did not increase their atrial volumes to the
same degree as males (79).

To assess atrial function, three phases of atrial contribu-
tion to ventricular filling can be assessed: “reservoir” during
ventricular systole, “conduit” during early diastole, and
“contractile” during late diastole. The soccer player popula-
tion revealed greater LA reservoir and conduit volumes with
stable active volumes compared with the control group. LA
reservoir and conduit emptying fractions did not differ
between the groups, however, LA active fraction was lower
in athletes (71). Recently, speckle tracking echocardiography
(STE) became popular in the quantification of atrial myocar-
dial properties. It has been shown that although peak atrial
contraction strain (PACS) of the LA was lower in athletes
compared with controls, peak atrial longitudinal strain
(PALS) of the LA, corresponding with the reservoir phase,
remained unchanged (47). On the contrary, 3-D echocardio-
graphic research on 138 elite athletes revealed decreased
resting reservoir function of LA, suggesting that LA adapta-
tion to exercise may also involve lower resting reservoir
function of the chamber (50). In RA, strain parameters of
both reservoir and contractile function were lower in ath-
letes compared with sedentary controls (48). Apart from
dynamic changes in atrial morphology, in the study on
female amateur athletes we noticed a significant increment
in contractile function of LA and RA directly after marathon
run (33). Sanz-de la Garza et al. (80) confirmed the postexer-
cise increase in biatrial contraction strains in the population
of male runners and showed that the extent of atrial adapta-
tion changes during the training period. Atrial contractile
function of both atria increased in distances up to 35 km,
with a further decrease post 56 km. Finally, analyzing sex-
specific differences, male athletes showed lower values of
atrial deformation in the form of reservoir, conduit, and con-
tractile strain rates than female athletes (81). Combining this
functional observation with previously reported lower bia-
trial volumes in women, female athletes are thought to expe-
rience less pronounced atrial remodeling than males.

It has been reported that athletes’ atria function at lower
strain, larger volumes, and higher wall stress may promote
atrial fibrosis and provide a favorable substrate for arrhyth-
mia (82). Recent reports have shown that both atrial enlarge-
ment and reduced strain values are strong indicators of
atrial fibrillation (AF) (83). Given that the extent of exercise-
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induced atrial remodeling varies substantially by sex, male
athletes are potentially more susceptible to developing AF
than female athletes. Nonetheless, the mechanism underly-
ing atrial arrhythmias in athletes deserves further investiga-
tion and specific factors, such as age, sex, or sports discipline,
influencing onset of AF should be detected.

In conclusion, long-term training promotes the adaptation
of all heart chambers with significant sex-specific changes
(Fig. 3). Atrial and ventricular enlargement along with
decrease of their function may predispose to the develop-
ment of arrhythmia or be incorrectly interpreted as congeni-
tal heart disease. Therefore, it is extremely important to
increase healthcare providers’ knowledge on cardiac remod-
eling in athletes and implement it in the everyday clinical
practice.

CARDIAC BIOMARKERS

Although imaging techniques play the primary role in
the evaluation of myocardial morphology and function,
the use of cardiac biomarkers should not remain underes-
timated. Prolonged, intense exercise followed by volume
and pressure overload along with neurohumoral activa-
tion leads to a transient increase in the concentration of
biomarkers of myocardial injury. There are several factors
that influence exercise-induced elevation of cardiac bio-
markers, including exercise intensity and duration, the
athlete’s training experience, baseline biomarker levels,
age, and sex. In this review, we will summarize the current
knowledge of biomarkers of cardiac injury and overload,
including myocardial necrosis enzymes, brain natriuretic
peptides, N-terminal proatrial natriuretic peptide (NT-
proANP), heart-type fatty acid binding protein (H-FABP),
galectin-3 (Gal-3), and proinflammatory cytokines, in a
heterogeneous group of athletes, with particular emphasis
on sex-related differences in the biochemical response to
endurance training (Fig. 4).

Myocardial Necrosis Enzymes

It has already been reported that prolonged exercise
causes a detectable increase in the level of cardiac
enzymes, commonly used in screening for myocardial is-
chemia. Myoglobin and creatine kinase (CK) raised signifi-
cantly in the vast majority of marathon participants
within 1 h after the race and remained elevated for several
days post-race (84). This finding may be attributed to con-
tinuous regeneration of the skeletal muscle fibers in
response to exercise. Apple et al. (85) compared the con-
centration of creatine kinase-MB (CK-MB) isoenzyme in
the serum in subjects after a marathon and after an acute
myocardial infarction, showing higher peak CK-MB activ-
ity in the runners group than in the patients with acute
myocardial infarction. Although CK-MB is known to be
primarily active in the myocardium, its levels increase in
the skeletal muscle during training and, consequently, the
serum CK-MB content also raises following skeletal muscle
injury (86). Moreover, athletes participating in daily train-
ing have higher resting values of CK than nonathletes, as a
cumulative effect of constantly repeated bouts of exercise
(87). Mougios (88) introduced even the reference ranges
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for CK in male and female athletes, which are twice the
limits reported for nonathletes. Transient CK increase is
considered a physiological reaction to exercise, however,
persistence of CK elevation at rest may indicate overtrain-
ing or mimic certain pathological conditions, as myopa-
thies (89). When analyzing sex differences in serum CK
and CK-MB, male athletes had significantly higher enzyme
activities both at rest and after exercise (90). It has been
hypothesized that the differences seen between men and
women might be explained by variations in muscle fiber
recruitment or in muscle mass, however, further research
is needed to state the proper underlying mechanism.

Another sensitive and specific marker of myocardial dam-
age is cardiac troponin (cTn). Athletes show higher cTn val-
ues at rest compared with sedentary controls (91), which
might be explained by heart muscle enlargement caused by
repetitive endurance training. The postexercise increase in
cTn levels has been reported in various papers on professio-
nal and amateur athletes (84, 92-95), and the intensity of
training has been found the single strongest predictor of cTn
elevation (96). In contrast to acute ischemia, the increase in
cardiac troponin levels after endurance training is mild and
transient and usually reaches normal values within 24 h (93).
In the study on 15 endurance athletes, a persistent minor ele-
vation of cTn was observed in only one subject 5 days after
completing a marathon (97). Therefore, the cTn rise should
be related rather with cardiac fatigue than actual myocardial
damage. However, it cannot be completely excluded that
repeated bouts of endurance exercise, each producing sub-
clinical effects, may have a cumulative effect on cardiac
structure or function. Studies on animal models provide his-
tological evidence of irreversible myocyte damage corre-
sponding with cTn leakage in response to prolonged exercise
bouts (98). So far there is a lack of similar research in
humans. Comparing male to female athletes, males have on
average higher cTn values than female subjects, both at base-
line and postexercise, which might result from previously
reported sex-specific steroid hormone discrepancies and,
consequently, greater heart mass detected in males than in
females (95, 99).

Brain Natriuretic Peptides

Myocardial wall stress markers, B-type natriuretic peptide
(BNP) and inactive N-terminal fragment of this pro-hormone
(NT-proBNP), are released from cardiomyocytes in response to
ventricular stretch caused by pressure and volume overload.
Hemodynamically stressed heart during endurance exercise
can induce transient elevations in BNP and NT-proBNP values
(92, 94, 100), probably due to their pleiotropic mechanisms of
action. Positive natriuretic effect, vasodilatation, and suppres-
sion of sympathetic system evoke preload and afterload reduc-
tions and, consequently, decrease myocardial wall tension
(93). What is more, in the study on genetically modified mice,
the lack of BNP hormone resulted in exaggerated cardiac fibro-
sis under ventricular pressure overload, indicating antifibrotic
force of the factor (101). As under resting conditions, no differ-
ences were found in the NT-proBNP levels between endurance
athletes and healthy untrained controls, it is hypothesized
that repeated bouts of prolonged training do not chronically
alter myocardium but represent a physiological adaptation to
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repetitive hemodynamic loads, and that brain natriuretic
peptides might help differentiating physiological and
pathological cardiac remodeling to exercise (102). Both
male and female athletes present similar reaction of natri-
uretic peptides, with values within normal limits under
resting conditions, and increment after prolonged training
(94, 95). However, exercise-induced elevation of natriuretic

peptide levels has been shown to be more pronounced in
females than in males (103). This may be explained by higher
baseline levels of cardiac natriuretic peptides in adult fertile
females compared with males of the same age, as various
reports indicate that female steroid hormones, in particular
estrogens, stimulate the synthesis of cardiac natriuretic pep-
tides (104).

Biochemical changes
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Figure 4. Comparison of changes in cardiac
biomarkers in male and female athletes.
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Other Biomarkers

Apart from the aforementioned cardiac biomarkers, rou-
tinely used in daily clinical praxis, there are several novel pa-
rameters of growing significance in analyzing cardiac response
to endurance exercise. NT-proANP is a marker of atrial wall
stretch released in response to increased pressure or heart rate.
Acute bout of prolonged training was responsible for signifi-
cant increase of the marker in healthy marathon runners (105).
In addition, higher exercise-induced NT-proANP concentra-
tions positively correlated with an increase in BNP levels, indi-
cating that during intensive exercise both ventricles and atria
remain under significant volume and pressure overload (106).
Whereas Wilhelm et al. (107) showed that athletes with >5
marathon participations had significantly larger atria and
higher baseline levels of NT-proANP compared with less expe-
rienced marathon runners and control subjects, which might
be explained by repetitive episodes of atrial stretching causing
persistent atrial remodeling. Similarly, as for brain natriuretic
peptides, females have on average higher NT-proANP values
than males due to sex steroid hormone discrepancies (108). In
animal model, estrogens were reported to increase ANP gene
expression in a dose-dependent manner and to maintain suita-
ble levels of ANP gene expression in rat cardiomyocytes,
whereas androgens are suspected of inhibitory effect on ANP
secretion in atria (109). However, there lack of specific data on
differences in NT-proANP levels between male and female
athletes.

Furthermore, biomarkers of transient myocardial injury
include growth and differentiation factor 15 (GDF-15) and H-
FABP. Although these parameters are not pathognomonic
for cardiomyocyte damage, their increased levels were
shown to predict outcomes in patients with coronary artery
disease or heart failure (110). Acute hemodynamic changes
during endurance training promote elevation of both GDF-15
and H-FABP values, which return to normal ranges within
72-h post-exercise and, therefore, should be regarded rather
as a cytoprotective and growth-regulating effect than a path-
ological reaction (106, 111). Although in animal models
female rats had significantly greater H-FABP concentrations
than males due to estrogen-dependent increased lipid oxida-
tion (112), the corresponding research in humans is scarce.
Consequently, the sex-specific response to training of the
discussed parameters is unknown.

Inflammatory response to excessive training results in
fibroblast proliferation, collagen production, and myocardial
fibrosis (113). Gal-3 and suppression of tumorigenicity 2 (ST2)
represent markers of cardiac remodeling and fibrosis. Gal-3
is a lectin family protein released by activated macrophages,
whereas ST2 belongs to the interleukin 1 (IL-1) receptor fam-
ily induced by increased cardiac wall tension. Both parame-
ters predict mortality in patients with acute and chronic heart
failure. Le Goff et al. (114) showed that Gal-3 and ST2 levels
increase postexercise, to the largest extent in the group of en-
durance athletes, i.e., marathon runners. Besides, repetitive
training may cause morphological and functional changes in
the myocardium leading to higher baseline values of pre-
sented biomarkers than detected in nonathlete controls (113).
Although the knowledge on novel biomarkers and their use in
monitoring of exercise-induced cardiac remodeling is con-
stantly growing, the vast majority of available reports concern
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male athletes (115, 116). Further research is needed to better
illustrate sex-specific changes.

CONCLUSIONS AND CLINICAL
IMPLICATIONS

Exercise leads to electrical, structural, and functional
changes in the cardiovascular system, also known as “ath-
lete’s heart,” with endurance sports being associated with
the greatest degree of cardiac remodeling. Most of the avail-
able research on cardiac adaptation to training is derived
from data collected in men. However, as the number of
females participating in various sport events is constantly
growing, more complete understanding of physiological
characteristics and limits in women is a priority scientific
task. Therefore, we decided to summarize the existing differ-
ences in cardiac response to training between male and
female athletes, focusing on underlying physiological mech-
anisms that determine sex-specific reaction and potential
clinical implications.

Although the geometry of the heart remains unaltered in
the majority of subjects, repeated bouts of endurance exer-
cise, associated with an increase in preload and afterload,
induce cardiac remodeling with significant differences
between sexes. As presented in the review, athletes have on
average greater biventricular wall thickness and dimensions
with concomitant mild reduction in diastolic and systolic
function, compared with untrained controls. Males present
rather with concentric hypertrophy, whereas eccentric
remodeling dominates in females. The observed changes in
ventricles correspond with atrial dilatation and decreased
functional parameters, to a greater extent in male than in
female athletes. The signs of an overloaded heart include
also larger concentrations of cardiac biomarkers released
from damaged myocytes in response to recurrent increases
in volumes and pressures. Apart from chronic adaptation to
endurance exercise, acute bouts of training load result in
comparable structural, functional, and biochemical alterna-
tions in the cardiovascular system, more pronounced in the
amateur less-trained subjects than elite athletes with daily
practice routine. However, these changes are transient and
should resolve after detraining period.

Recognizing physiological cardiac response to training in
males and females is of clinical importance, as certain phe-
notypes may mimic inherited pathological conditions.
Dilated LV with low-normal or mildly reduced systolic func-
tion raising suspicion of DCM, RV enlargement resembling
ARVC or LV wall thickness consistent with HCM should
always be thoroughly investigated to detect other patterns
confirming the diagnosis of underlying structural heart
diseases. Moreover, both atrial and ventricular adaptation
to training in the form of enlargement and reduction in
function predispose to the development of arrhythmias.
As the observed changes are considered more pronounced
in male athletes, it is not surprising that the risk of supra-
ventricular and ventricular heart rhythm disturbances
and, consequently, the incidence of SCD is higher in males
than in females. In addition, unexplained cardiac deaths
during exertion might occur in individuals with morpho-
logically normal hearts and primary electric diseases, such
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as ion-channelopathies or Wolff-Parkinson-White syndrome,
defined by specific ECG patterns. The question arises whether
all athletes should be monitored for pathological cardiac ad-
aptation or just individuals with genetic predisposition and
the positive family history of inherited heart disease. To what
extent can the observed abnormalities be caused by repeated
bouts of intense exercise and be reversed with suspension of
training? Furthermore, should all or only selected athletes
with the most profound remodeling be screened for potential
arrhythmias? Finally, considering cardioprotective role of
estrogen and its positive influence on metabolic processes
and gene expression, are female athletes in fact less suscepti-
ble to develop pathological remodeling than males? Are there
any other physiological mechanisms, apart from those dis-
cussed in the review, potentially responsible for sex-specific
cardiac response?

Based on the available knowledge from various scientific
sources, we would recommend cardiovascular screening in
the form of physical examination with anthropometric data,
ECG, echocardiographic assessment, and basic biochemical
blood tests in elite and amateur athletes of both sexes.
Combination of the results of these noninvasive examina-
tions would increase the probability of proper distinction
between physiological cardiac adaptation and pathological
remodeling. Moreover, it would help to identify subjects
requiring further evaluation, such as cardiac magnetic reso-
nance imaging or Holter ECG monitoring. Acute changes in
cardiac biomarkers’ levels could also be applied by trainers
to control and modify the intensity of training program,
based on cardiovascular reaction to various exercise loads.
We hope that data on specific alternations in athlete’s heart
provided in this review would increase the healthcare pro-
viders’ awareness of exercise-induced cardiac remodeling
and induce greater implementation of available screening
techniques in the everyday clinical practice.

DATA AVAILABILITY

Data will be made available upon a reasonable request to the
corresponding author.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

Z.L.-K. and A.D.-K. conceived and designed research; Z.L.-K,,
ZL-P., AK-D., AS, LK, EL. and AD.-K. analyzed data; Z.L.-K.
prepared figures; Z.L.-K. drafted manuscript; LK., E.L., and A.D.-K.
edited and revised manuscript; A.D.-K. approved final version of
manuscript.

REFERENCES

1. Zaidi A, Sharma S. The athlete’s heart. Br J Hosp Med (Lond) 72:
275-281, 2011. doi:10.12968/hmed.2011.72.5.275.

2. Reusser M, Sousa CV, Villiger E, Alvero Cruz JR, Hill L, Rosemann T,
Nikolaidis PT, Knechtle B. Increased participation and decreased
performance in recreational master athletes in “Berlin Marathon”
1974-2019. Front Physiol 12: 631237, 2021. doi:10.3389/fphys.2021.
631237.

H1076

20.

21

Andersen JJ. The State of Running 2019 (Online). https://runrepeat.
com/state-of-running [2023 Nov 3].

Finocchiaro G, Sharma S. Do endurance sports affect female hearts
differently to male hearts? Future Cardiol 12: 105-108, 2016.
doi:10.2217/fca.15.85.

Finocchiaro G, Dhutia H, D’Silva A, Malhotra A, Steriotis A, Millar
L, Prakash K, Narain R, Papadakis M, Sharma R, Sharma S. Effect
of sex and sporting discipline on LV adaptation to exercise. JACC
Cardiovasc Imaging 10: 965-972, 2017. doi:10.1016/j.jcmg.2016.
08.011.

Pelliccia A, Maron BJ, Culasso F, Spataro A, Caselli G. Athlete’s
heart in women. Echocardiographic characterization of highly
trained elite female athletes. JAMA 276: 211-215, 1996. doi:10.1001/
jama.276.3.211.

McGill HC Jr, Anselmo VC, Buchanan JM, Sheridan PJ. The heart
is a target for androgen. Science 207: 775-777, 1980. doi:10.1126/
science.6766222.

Handelsman DJ, Hirschberg AL, Bermon S. Circulating testoster-
one as the hormonal basis of sex differences in athletic perform-
ance. Endocr Rev 39: 803—-829, 2018. doi:10.1210/er.2018-00020.
Lin AL, Schultz JJ, Brenner RM, Shain SA. Sexual dimorphism char-
acterizes baboon myocardial androgen receptors but not myocar-
dial estrogen and progesterone receptors. J Steroid Biochem Mol
Biol 37: 85-95, 1990. d0i:10.1016/0960-0760(90)90376-v.

Marsh JD, Lehmann MH, Ritchie RH, Gwathmey JK, Green GE,
Schiebinger RJ. Androgen receptors mediate hypertrophy in cardiac
myocytes. Circulation 98: 256—261, 1998. doi:10.1161/01.cir.98.3.256.
Zwadlo C, Schmidtmann E, Szaroszyk M, Kattih B, Froese N,
Hinz H, Schmitto JD, Widder J, Batkai S, Bahre H, Kaever V,
Thum T, Bauersachs J, Heineke J. Antiandrogenic therapy with
finasteride attenuates cardiac hypertrophy and left ventricular dysfunc-
tion. Circulation 131: 1071-1081, 2015. doi:10.1161/CIRCULATIONAHA114.
012066.

Patel VI, Gradus-Pizlo I, Malik S, El-Farra AB, Dineen EH.
Cardiodiagnostic sex-specific differences of the female athlete in
sports cardiology. Am Heart J Plus Cardiol Res Pract 17: 100149,
2022. doi:10.1016/j.ahjo.2022.100149.

Isacco L, Duché P, Boisseau N. Influence of hormonal status on sub-
strate utilization at rest and during exercise in the female population.
Sports Med 42: 327-342, 2012. doi:10.2165/11598900-000000000-
00000.

Horton TJ, Pagliassotti MJ, Hobbs K, Hill JO. Fuel metabolism in
men and women during and after long-duration exercise. J Appl
Physiol (1985) 85: 1823-1832, 1998. doi:10.1152/jappl.1998.85.5.1823.
Davis SN, Galassetti P, Wasserman DH, Tate D. Effects of gender on
neuroendocrine and metabolic counterregulatory responses to exer-
cise in normal man. J Clin Endocrinol Metab 85: 224-230, 2000.
doi:10.1210/jcem.85.1.6328.

Carter JB, Banister EW, Blaber AP. The effect of age and gender on
heart rate variability after endurance training. Med Sci Sports Exerc
35:1333-1340, 2003. doi:10.1249/01.MSS.0000079046.01763.8F.
Scott JM, Esch BT, Haykowsky MJ, Isserow S, Koehle MS, Hughes
BG, Zbogar D, Bredin SS, McKenzie DC, Warburton DE. Sex differ-
ences in left ventricular function and B-receptor responsiveness fol-
lowing prolonged strenuous exercise. J Appl Physiol (1985) 102:
681-687, 2007. doi:10.1152/japplphysiol.00641.2006.

Hellstrom L, Blaak E, Hagstrom-Toft E. Gender differences in adre-
nergic regulation of lipid mobilization during exercise. Int J Sports
Med 17: 439-447,1996. doi:10.1055/s-2007-972875.

Arner P, Kriegholm E, Engfeldt P, Bolinder J. Adrenergic regulation
of lipolysis in situ at rest and during exercise. J Clin Invest 85: 893—
898, 1990. doi:10.1172/JCI114516.

Corrado D, Pelliccia A, Heidbuchel H, Sharma S, Link M, Basso C
et al. Recommendations for interpretation of 12-lead electrocardio-
gram in the athlete. Eur Heart J 31: 243-259, 2010 [Erratum in Eur
Heart J 31: 379, 2010]. doi:10.1093/eurheartj/ehp473.

Drezner JA, Ackerman MJ, Anderson J, Ashley E, Asplund CA,
Baggish AL, Borjesson M, Cannon BC, Corrado D, DiFiori JP,
Fischbach P, Froelicher V, Harmon KG, Heidbuchel H, Marek J,
Owens DS, Paul S, Pelliccia A, Prutkin JM, Salerno JC, Schmied
CM, Sharma S, Stein R, Vetter VL, Wilson MG. Electrocardiographic
interpretation in athletes: the ‘Seattle criteria’. Br J Sports Med 47:
122-124, 2013. doi:10.1136/bjsports-2012-092067.

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.00756.2023 - www.ajpheart.org

Downloaded from journals.physiology.org/journal/ajpheart at Gdanski Uniwersytet Medyczny (153.019.066.068) on May 7, 2024.


https://doi.org/10.12968/hmed.2011.72.5.275
https://doi.org/10.3389/fphys.2021.631237
https://doi.org/10.3389/fphys.2021.631237
https://runrepeat.com/state-of-running
https://runrepeat.com/state-of-running
https://doi.org/10.2217/fca.15.85
https://doi.org/10.1016/j.jcmg.2016.08.011
https://doi.org/10.1016/j.jcmg.2016.08.011
https://doi.org/10.1001/jama.276.3.211
https://doi.org/10.1001/jama.276.3.211
https://doi.org/10.1126/science.6766222
https://doi.org/10.1126/science.6766222
https://doi.org/10.1210/er.2018-00020
https://doi.org/10.1016/0960-0760(90)90376-v
https://doi.org/10.1161/01.cir.98.3.256
https://doi.org/10.1161/CIRCULATIONAHA.114.012066
https://doi.org/10.1161/CIRCULATIONAHA.114.012066
https://doi.org/10.1016/j.ahjo.2022.100149
https://doi.org/10.2165/11598900-000000000-00000
https://doi.org/10.2165/11598900-000000000-00000
https://doi.org/10.1152/jappl.1998.85.5.1823
https://doi.org/10.1210/jcem.85.1.6328
https://doi.org/10.1249/01.MSS.0000079046.01763.8F
https://doi.org/10.1152/japplphysiol.00641.2006
https://doi.org/10.1055/s-2007-972875
https://doi.org/10.1172/JCI114516
https://doi.org/10.1093/eurheartj/ehp473
https://doi.org/10.1136/bjsports-2012-092067
http://www.ajpheart.org
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Q)) SEX-RELATED CARDIAC REMODELING IN ATHLETES

Sheikh N, Papadakis M, Ghani S, Zaidi A, Gati S, Adami PE, Carré
F, Schnell F, Wilson M, Avila P, McKenna W, Sharma S.
Comparison of electrocardiographic criteria for the detection of car-
diac abnormalities in elite black and white athletes. Circulation 129:
1637-1649, 2014. doi:10.1161/CIRCULATIONAHA.113.006179.

Sharma S, Drezner JA, Baggish A, Papadakis M, Wilson MG,
Prutkin JM et al. International recommendations for electrocardio-
graphic interpretation in athletes. Eur Heart J 39: 1466-1480, 2018.
doi:10.1093/eurheartj/ehw631.

Colombo CSSS, Finocchiaro G. The female athlete’s heart: facts
and fallacies. Curr Treat Options Cardiovasc Med 20: 101, 2018.
doi:10.1007/511936-018-0699-7.

Pelliccia A, Maron BJ, Culasso F, Di Paolo FM, Spataro A, Biffi A,
Caselli G, Piovano P. Clinical significance of abnormal electrocardio-
graphic patterns in trained athletes. Circulation 102: 278—-284, 2000.
doi:10.1161/01.cir.102.3.278.

Wasfy MM, DelLuca J, Wang F, Berkstresser B, Ackerman KE,
Eisman A, Lewis GD, Hutter AM, Weiner RB, Baggish AL. ECG find-
ings in competitive rowers: normative data and the prevalence of
abnormalities using contemporary screening recommendations. Br
J Sports Med 49: 200-206, 2015. doi:10.1136/bjsports-2014-093919.
Bessem B, de Bruijn MC, Nieuwland W. Gender differences in the
electrocardiogram screening of athletes. J Sci Med Sport 20: 213—
217,2017. doi:10.1016/j.jsams.2016.06.010.

Mandic S, Fonda H, Dewey F, Le VV, Stein R, Wheeler M, Ashley
EA, Myers J, Froelicher VF. Effect of gender on computerized elec-
trocardiogram measurements in college athletes. Phys Sportsmed
38:156-164, 2010. doi:10.3810/psm.2010.06.1794.

D’Ascenzi F, Biella F, Lemme E, Maestrini V, Di Giacinto B,
Pelliccia A. Female athlete’s heart: sex effects on electrical and
structural remodeling. Circ Cardiovasc Imaging 13: e011587, 2020.
doi:10.1161/CIRCIMAGING.120.011587.

Corici OM, Mirea-Munteanu O, Donoiu |, Istratoaie O, Corici CA,
lancau M. Gender-related electrocardiographic changes in athletes.
Curr Health Sci J 44: 29-33, 2018. doi:10.12865/CHSJ.44.01.05.
Storstein L, Bjernstad H, Hals O, Meen HD. Electrocardiographic
findings according to sex in athletes and controls. Cardiology 79:
227-236,1991. doi:10.1159/000174882.

Lasocka Z, Dabrowska-Kugacka A, Kaleta AM, Lewicka-Potocka Z,
Faran A, Szotkiewicz E, Przybytowski K, Szotkiewicz A, Daniluk P,
Raczak G, Lewicka E. Electrocardiographic changes in male and
female amateur marathon runners: a comparison study. Int J Sports
Med 42: 936-944, 2021. doi:10.1055/a-1323-3215.

Lasocka Z, Lewicka-Potocka Z, Faran A, Danitowicz-Szymanowicz
L, Nowak R, Kaufmann D, Kaleta-Duss A, Kalinowski L, Raczak G,
Lewicka E, Dabrowska-Kugacka A. Exercise-induced atrial remod-
eling in female amateur marathon runners assessed by three-dimen-
sional and speckle tracking echocardiography. Front Physiol 13:
863217, 2022. doi:10.3389/fphys.2022.863217.

Malhotra A, Dhutia H, Gati S, Yeo TJ, Dores H, Bastiaenen R, Narain
R, Merghani A, Finocchiaro G, Sheikh N, Steriotis A, Zaidi A, Millar L,
Behr E, Tome M, Papadakis M, Sharma S. Anterior T-wave inversion
in young white athletes and nonathletes: prevalence and significance.
J Am Coll Cardiol 69: 1-9, 2017. doi:10.1016/j jacc.2016.10.044.

Calore C, Zorzi A, Sheikh N, Nese A, Facci M, Malhotra A, Zaidi A,
Schiavon M, Pelliccia A, Sharma S, Corrado D. Electrocardiographic
anterior T-wave inversion in athletes of different ethnicities: differen-
tial diagnosis between athlete’s heart and cardiomyopathy. Eur Heart
J 37:2515-2527, 2016. doi:10.1093/eurheartj/ehv591.

Ogedengbe JO, Adelaiye AB, Kolawole OV. Effects of exercise on
PR intervals, QRS durations and QTC intervals in male and female
students of University of Abuja. J Pak Med Assoc 62: 273-275, 2012
Algra A, Tijssen JG, Roelandt JR, Pool J, Lubsen J. QTc prolonga-
tion measured by standard 12-lead electrocardiography is an inde-
pendent risk factor for sudden death due to cardiac arrest.
Circulation 83: 1888-1894, 1991. doi:10.1161/01.cir.83.6.1888.

Han J, Lalario A, Merro E, Sinagra G, Sharma S, Papadakis M,
Finocchiaro G. Sudden cardiac death in athletes: facts and fallacies.
J Cardiovasc Dev Dis 10: 68, 2023. doi:10.3390/jcdd10020068.
Corrado D, Basso C, Rizzoli G, Schiavon M, Thiene G. Does sports
activity enhance the risk of sudden death in adolescents and young
adults? J Am Coll Cardiol 42: 1959-1963, 2003. doi:10.1016/].
jacc.2003.03.002.

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.00756.2023 - www.ajpheart.org

40.

41.

42.

43.

44,

45.

46.

a7.

48.

49.

50.

51.

52.

53.

54.

55.

Marijon E, Bougouin W, Celermajer DS, Périer MC, Dumas F,
Benameur N, Karam N, Lamhaut L, Tafflet M, Mustafic H, de Deus
NM, Le Heuzey JY, Desnos M, Avillach P, Spaulding C, Cariou A,
Prugger C, Empana JP, Jouven X. Characteristics and outcomes of
sudden cardiac arrest during sports in women. Circ Arrhythm
Electrophysiol 6: 1185-1191, 2013. doi:10.1161/CIRCEP.113.000651.
Finocchiaro G, Papadakis M, Robertus JL, Dhutia H, Steriotis AK,
Tome M, Mellor G, Merghani A, Malhotra A, Behr E, Sharma S,
Sheppard MN. Etiology of sudden death in sports: insights from a
United Kingdom Regional Registry. J Am Coll Cardiol 67: 2108-2115,
2016. doi:10.1016/j.jacc.2016.02.062.

Stout M. Athletes’ heart and echocardiography: athletes’ heart.
Echocardiography 25: 749-754, 2008. doi:10.1111/j.1540-8175.2008.
00670.x.

Luo T, Kim JK. The role of estrogen and estrogen receptors on car-
diomyocytes: an overview. Can J Cardiol 32: 1017-1025, 2016.
doi:10.1016/j.cjca.2015.10.021.

Caselli S, Di Paolo FM, Pisicchio C, Di Pietro R, Quattrini FM, Di
Giacinto B, Culasso F, Pelliccia A. Three-dimensional echocardio-
graphic characterization of left ventricular remodeling in Olympic ath-
letes. Am J Cardiol 108: 141-147, 2011. doi:10.1016/j.amjcard.2011.02.350.
Tsang TS, Barnes ME, Bailey KR, Leibson CL, Montgomery SC,
Takemoto Y, Diamond PM, Marra MA, Gersh BJ, Wiebers DO,
Petty GW, Seward JB. Left atrial volume: important risk marker of
incident atrial fibrillation in 1655 older men and women. Mayo Clin
Proc 76: 467—475, 2001. doi:10.4065/76.5.467.

Henriksen E, Landelius J, Kangro T, Jonason T, Hedberg P,
Wesslén L, Rosander CN, Rolf C, Ringqvist |, Friman G. An echocar-
diographic study of right and left ventricular adaptation to physical
exercise in elite female orienteers. Eur Heart J 20: 309-316, 1999.
doi:10.1053/euhj.1998.1197.

D’Ascenzi F, Cameli M, Zaca V, Lisi M, Santoro A, Causarano A,
Mondillo S. Supernormal diastolic function and role of left atrial myo-
cardial deformation analysis by 2D speckle tracking echocardiogra-
phy in elite soccer players. Echocardiography 28: 320-326, 2011.
doi:10.1111/j.1540-8175.2010.01338.x.

D’Ascenzi F, Cameli M, Padeletti M, Lisi M, Zaca V, Natali B,
Malandrino A, Alvino F, Morelli M, Vassallo GM, Meniconi C,
Bonifazi M, Causarano A, Mondillo S. Characterization of right atrial
function and dimension in top-level athletes: a speckle tracking study.
Int J Cardiovasc Imaging 29: 87-94, 2013. doi:10.1007/s10554-012-
0063-z.

Baggish AL, Wang F, Weiner RB, Elinoff JM, Tournoux F, Boland A,
Picard MH, Hutter AM Jr, Wood MJ. Training-specific changes in
cardiac structure and function: a prospective and longitudinal
assessment of competitive athletes. J Appl Physiol (1985) 104: 1121—
1128, 2008. doi:10.1152/japplphysiol.01170.2007.

Lakatos BK, Molnar AA, Kiss O, Sydé N, Tokodi M, Solymossi B,
Fabidn A, Dohy Z, Vg6 H, Babity M, Bognar C, Kovacs A, Merkely
B. Relationship between cardiac remodeling and exercise capacity
in elite athletes: incremental value of left atrial morphology and func-
tion assessed by three-dimensional echocardiography. J Am Soc
Echocardiogr 33: 101-109.e1, 2020. doi:10.1016/j.ech0.2019.07.017.
Caselli S, Di Paolo FM, Pisicchio C, Pandian NG, Pelliccia A. Patterns
of left ventricular diastolic function in Olympic athletes. J Am Soc
Echocardiogr 28: 236—-244, 2015. doi:10.1016/j.echo.2014.09.013.
Roslan A, Stanislaus R, Yee Sin T, Aris FA, Ashari A, Shaparudin AA,
Rahimi Shah WFW, Hui Beng K, Tjen Jhung L, Tantawi Jauhari
Aktifanus A, Kamsani SH, Rusani Bl, Win NT, Abdul Rani MNH, Ai
Ming T, Aedrus N, Azman K, Halim MNA, Zainal MDY, Hussein K,
Shariff Hamid M, Puji A, Khairuddin A. Echocardiography and strain
analysis in Malaysian elite athletes versus young healthy adults. Int J
Cardiol Heart Vasc 47:101242, 2023. doi:10.1016/j.ijcha.2023.101242.
La Gerche A, Burns AT, Mooney DJ, Inder WJ, Taylor AJ, Bogaert
J, Macisaac Al, Heidbtichel H, Prior DL. Exercise-induced right ven-
tricular dysfunction and structural remodelling in endurance ath-
letes. Eur Heart J 33: 998-1006, 2012. doi:10.1093/eurheartj/ehr397.
Zaidi A, Ghani S, Sharma R, Oxborough D, Panoulas VF, Sheikh N,
Gati S, Papadakis M, Sharma S. Physiological right ventricular adapta-
tion in elite athletes of African and Afro-Caribbean origin. Circulation
127:1783-1792, 2013. doi:10.1161/CIRCULATIONAHA.112.000270.
Vega RB, Yang J, Rothermel BA, Bassel-Duby R, Williams RS.
Multiple domains of MCIP1 contribute to inhibition of calcineurin activity.
J Biol Chem 277: 30401-30407, 2002. doi:10.1074/jbc.M200123200.

H1077

Downloaded from journals.physiology.org/journal/ajpheart at Gdanski Uniwersytet Medyczny (153.019.066.068) on May 7, 2024.


https://doi.org/10.1161/CIRCULATIONAHA.113.006179
https://doi.org/10.1093/eurheartj/ehw631
https://doi.org/10.1007/s11936-018-0699-7
https://doi.org/10.1161/01.cir.102.3.278
https://doi.org/10.1136/bjsports-2014-093919
https://doi.org/10.1016/j.jsams.2016.06.010
https://doi.org/10.3810/psm.2010.06.1794
https://doi.org/10.1161/CIRCIMAGING.120.011587
https://doi.org/10.12865/CHSJ.44.01.05
https://doi.org/10.1159/000174882
https://doi.org/10.1055/a-1323-3215
https://doi.org/10.3389/fphys.2022.863217
https://doi.org/10.1016/j.jacc.2016.10.044
https://doi.org/10.1093/eurheartj/ehv591
https://doi.org/10.1161/01.cir.83.6.1888
https://doi.org/10.3390/jcdd10020068
https://doi.org/10.1016/j.jacc.2003.03.002
https://doi.org/10.1016/j.jacc.2003.03.002
https://doi.org/10.1161/CIRCEP.113.000651
https://doi.org/10.1016/j.jacc.2016.02.062
https://doi.org/10.1111/j.1540-8175.2008.00670.x
https://doi.org/10.1111/j.1540-8175.2008.00670.x
https://doi.org/10.1016/j.cjca.2015.10.021
https://doi.org/10.1016/j.amjcard.2011.02.350
https://doi.org/10.4065/76.5.467
https://doi.org/10.1053/euhj.1998.1197
https://doi.org/10.1111/j.1540-8175.2010.01338.x
https://doi.org/10.1007/s10554-012-0063-z
https://doi.org/10.1007/s10554-012-0063-z
https://doi.org/10.1152/japplphysiol.01170.2007
https://doi.org/10.1016/j.echo.2019.07.017
https://doi.org/10.1016/j.echo.2014.09.013
https://doi.org/10.1016/j.ijcha.2023.101242
https://doi.org/10.1093/eurheartj/ehr397
https://doi.org/10.1161/CIRCULATIONAHA.112.000270
https://doi.org/10.1074/jbc.M200123200
http://www.ajpheart.org
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

H1078

Q)) SEX-RELATED CARDIAC REMODELING IN ATHLETES

Pedram A, Razandi M, Aitkenhead M, Levin ER. Estrogen inhibits
cardiomyocyte hypertrophy in vitro. Antagonism of calcineurin-
related hypertrophy through induction of MCIP1. J Biol Chem 280:
26339-26348, 2005. doi:10.1074/jbc.M414409200.

Duran J, Oyarce C, Pavez M, Valladares D, Basualto-Alarcon C,
Lagos D, Barrientos G, Troncoso MF, Ibarra C, Estrada M. GSK-3f/
NFAT signaling is involved in testosterone-induced cardiac myocyte
hypertrophy. PLoS One 11: e0168255, 2016. doi:10.1371/journal.
pone.0168255. . i}

Beaumont C/, Walsh-Wilkinson E, Drolet MC, Roussel E, Melancon
N, Fortier E, Harpin G, Beaudoin J, Arsenault M, Couet J.
Testosterone deficiency reduces cardiac hypertrophy in a rat model
of severe volume overload. Physiol Rep 7: 14088, 2019. doi:10.14814/
phy2.14088.

Konhilas JP, Maass AH, Luckey SW, Stauffer BL, Olson EN,
Leinwand LA. Sex modifies exercise and cardiac adaptation in mice.
Am J Physiol Heart Circ Physiol 287: H2768-H2776, 2004. doi:10.1152/
ajpheart.00292.2004.

Foryst-Ludwig A, Kreissl MC, Sprang C, Thalke B, Bohm C, Benz V,
Gurgen D, Dragun D, Schubert C, Mai K, Stawowy P, Spranger J,
Regitz-Zagrosek V, Unger T, Kintscher U. Sex differences in physio-
logical cardiac hypertrophy are associated with exercise-mediated
changes in energy substrate availability. Am J Physiol Heart Circ
Physiol 301: H115-H122, 2011. doi:10.1152/ajpheart.01222.2010.
Schunkert H, Dzau VJ, Tang SS, Hirsch AT, Apstein CS, Lorell BH.
Increased rat cardiac angiotensin converting enzyme activity and
mRNA expression in pressure overload left ventricular hypertrophy.
Effects on coronary resistance, contractility, and relaxation. J Clin
Invest 86:1913-1920, 1990. doi:10.1172/JCI114924.

Gordon SE, Davis BS, Carlson CJ, Booth FW. ANG Il is required for
optimal overload-induced skeletal muscle hypertrophy. Am J Physiol
Endocrinol Physiol 280: E150-E159, 2001. doi:10.1152/ajpendo.
2001.280.1.E150.

Min SK, Takahashi K, Ishigami H, Hiranuma K, Mizuno M, Ishii T,
Kim CS, Nakazato K. Is there a gender difference between ACE
gene and race distance? Appl Physiol Nutr Metab 34: 926-932,
2009. doi:10.1139/H09-097.

Fabian A, Ujvéri A, Tokodi M, Lakatos BK, Kiss O, Babity M,
Zamodics M, Sydé N, Csulak E, Vagé H, Szabé L, Kiss AR, Szlics A,
Hizoh I, Merkely B, Kovacs A. Biventricular mechanical pattern of
the athlete’s heart: comprehensive characterization using three-
dimensional echocardiography. Eur J Prev Cardiol 29: 1594-1604,
2022. [Erratum in Eur J Prev Cardiol 29: 1714, 2022]. doi:10.1093/
eurjpc/zwac026.

Sun X, LiL, Sun M, Hou S, Li Z, Li P, Liu M, Hua S. Evaluation of left
ventricular systolic function using layer-specific strain in rats per-
forming endurance exercise: a pilot study. Ultrasound Med Biol 49:
1395-1400, 2023. doi:10.1016/j.ultrasmedbio.2023.01.016.

Wooten SV, Moestl S, Chilibeck P, Alvero Cruz JR, Mittag U, Tank
J, Tanaka H, Rittweger J, Hoffmann F. Age- and sex-differences in
cardiac characteristics determined by echocardiography in masters
athletes. Front Physiol 11: 630148, 2021. doi:10.3389/fphys.2020.
630148.

Middleton N, Shave R, George K, Whyte G, Hart E, Atkinson G. Left
ventricular function immediately following prolonged exercise: a
meta-analysis. Med Sci Sports Exerc 38: 681-687, 2006. doi:10.1249/
01.mss.0000210203.10200.12.

Evans JM, Ziegler MG, Patwardhan AR, Ott JB, Kim CS, Leonelli
FM, Knapp CF. Gender differences in autonomic cardiovascular reg-
ulation: spectral, hormonal, and hemodynamic indexes. J Appl
Physiol (1985) 91: 2611-2618, 2001. doi:10.1152/jappl.2001.91.6.2611.
D’Ascenzi F, Pelliccia A, Natali BM, Zaca V, Cameli M, Alvino F,
Malandrino A, Palmitesta P, Zorzi A, Corrado D, Bonifazi M,
Mondillo S. Morphological and functional adaptation of left and right
atria induced by training in highly trained female athletes. Circ
Cardiovasc Imaging 7: 222-229, 2014. doi:10.1161/CIRCIMAGING.113.
001345.

Caso P, D’Andrea A, Galderisi M, Liccardo B, Severino S, De
Simone L, 1zzo A, D’Andrea L, Mininni N. Pulsed Doppler tissue
imaging in endurance athletes: relation between left ventricular pre-
load and myocardial regional diastolic function. Am J Cardiol 85:
1131-1136, 2000. doi:10.1016/s0002-9149(00)00709-8.

D’Ascenzi F, Pelliccia A, Natali BM, Cameli M, Lisi M, Focardi M,
Padeletti M, Palmitesta P, Corrado D, Bonifazi M, Mondillo S,

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Henein M. Training-induced dynamic changes in left atrial reservoir,
conduit, and active volumes in professional soccer players. Eur J
Appl Physiol 115: 17151723, 2015. doi:10.1007/s00421-015-3151-7.
Knebel F, Spethmann S, Schattke S, Dreger H, Schroeckh S,
Schimke |, Hattasch R, Makauskiene R, Kleczka J, Sanad W, Lock J,
Brechtel L, Baumann G, Borges AC. Exercise-induced changes of left
ventricular diastolic function in postmenopausal amateur marathon
runners: assessment by echocardiography and cardiac biomarkers.
Eur J Prev Cardiol 21: 782-790, 2014. doi:10.1177/2047487312462799.
Meyer TE, Karamanoglu M, Ehsani AA, Kovacs SJ. Left ventricular
chamber stiffness at rest as a determinant of exercise capacity in
heart failure subjects with decreased ejection fraction. J Appl/
Physiol (1985) 97: 1667-1672, 2004. doi:10.1152/japplphysiol.00078.
2004.

Lalande S, Mueller PJ, Chung CS. The link between exercise and
titin passive stiffness. Exp Physiol 102: 1055-1066, 2017. doi:10.1113/
EP086275.

Apor A, Merkely B, Morrell T, Zhu SM, Ghosh E, Vago H, Andrassy
P, Kovacs SJ. Diastolic function in Olympic athletes versus controls:
stiffness-based and relaxation-based echocardiographic compari-
sons. J Exerc Sci Fit 11: 29-34, 2013. doi:10.1016/j.jesf.2013.04.003.
Chung CS, Hutchinson KR, Methawasin M, Saripalli C, Smith JE
3rd, Hidalgo CG, Luo X, Labeit S, Guo C, Granzier HL. Shortening
of the elastic tandem immunoglobulin segment of titin leads to dia-
stolic dysfunction. Circulation 128: 19-28, 2013. doi:10.1161/
CIRCULATIONAHA.112.001268.

St Pierre SR, Peirlinck M, Kuhl E. Sex matters: a comprehensive
comparison of female and male hearts. Front Physiol 13: 831179,
2022. doi:10.3389/fphys.2022.831179.

Iskandar A, Mujtaba MT, Thompson PD. Left atrium size in elite ath-
letes. JACC Cardiovasc Imaging 8: 753-762, 2015. doi:10.1016/].
jcmg.2014.12.032.

Mosén H, Steding-Ehrenborg K. Atrial remodelling is less pro-
nounced in female endurance-trained athletes compared with that
in male athletes. Scand Cardiovasc J 48: 20-26, 2014. doi:10.3109/
14017431.2013.860234.

Sanz-de la Garza M, Grazioli G, Bijnens BH, Sarvari Sl, Guasch E,
Pajuelo C, Brotons D, Subirats E, Brugada R, Roca E, Sitges M.
Acute, exercise dose-dependent impairment in atrial performance
during an endurance race: 2D ultrasound speckle-tracking strain anal-
ysis. JACC Cardiovasc Imaging 9: 1380-1388, 2016. doi:10.1016/j.
jcmg.2016.03.016.

Sanchis L, Sanz-de La Garza M, Bijnens B, Giraldeau G, Grazioli G,
Marin J, Gabrielli L, Montserrat S, Sitges M. Gender influence on
the adaptation of atrial performance to training. Eur J Sport Sci 17:
720-726, 2017. doi:10.1080/17461391.2017.1294620.

D’Ascenzi F, Pelliccia A, Natali BM, Cameli M, Andrei V, Incampo
E, Alvino F, Lisi M, Padeletti M, Focardi M, Bonifazi M, Mondillo S.
Increased left atrial size is associated with reduced atrial stiffness
and preserved reservoir function in athlete’s heart. Int J Cardiovasc
Imaging 31: 699-705, 2015. doi:10.1007/510554-015-0600-7.
Serensen E, Myrstad M, Solberg MG, Qie E, Tveit A, Aargnses M.
Left atrial function in male veteran endurance athletes with paroxys-
mal atrial fibrillation. Eur Heart J Cardiovasc Imaging 23: 137-146,
2021. doi:10.1093/ehjci/jeab248.

Jassal DS, Moffat D, Krahn J, Ahmadie R, Fang T, Eschun G,
Sharma S. Cardiac injury markers in non-elite marathon runners. Int
J Sports Med 30: 75-79, 2009. doi:10.1055/5-0028-1104572.

Apple FS, Rogers MA, Sherman WM, Ivy JL. Comparison of serum
creatine kinase and creatine kinase MB activities post marathon
race versus post myocardial infarction. Clin Chim Acta 138: 111-118,
1984. doi:10.1016/0009-8981(84)90359-0.

Schneider CM, Dennehy CA, Rodearmel SJ, Hayward JR. Effects of
physical activity on creatine phosphokinase and the isoenzyme cre-
atine kinase-MB. Ann Emerg Med 25: 520-524, 1995. doi:10.1016/
s0196-0644(95)70270-9.

Nikolaidis MG, Protosygellou MD, Petridou A, Tsalis G, Tsigilis N,
Mougios V. Hematologic and biochemical profile of juvenile and
adult athletes of both sexes: implications for clinical evaluation. Int J
Sports Med 24: 506-511, 2003. doi:10.1055/5-2003-42014.

Mougios V. Reference intervals for serum creatine kinase in athletes.
Br J Sports Med 41: 674-678, 2007. doi:10.1136/bjsm.2006.034041.

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.00756.2023 - www.ajpheart.org

Downloaded from journals.physiology.org/journal/ajpheart at Gdanski Uniwersytet Medyczny (153.019.066.068) on May 7, 2024.


https://doi.org/10.1074/jbc.M414409200
https://doi.org/10.1371/journal.pone.0168255
https://doi.org/10.1371/journal.pone.0168255
https://doi.org/10.14814/phy2.14088
https://doi.org/10.14814/phy2.14088
https://doi.org/10.1152/ajpheart.00292.2004
https://doi.org/10.1152/ajpheart.00292.2004
https://doi.org/10.1152/ajpheart.01222.2010
https://doi.org/10.1172/JCI114924
https://doi.org/10.1152/ajpendo.2001.280.1.E150
https://doi.org/10.1152/ajpendo.2001.280.1.E150
https://doi.org/10.1139/H09-097
https://doi.org/10.1093/eurjpc/zwac026
https://doi.org/10.1093/eurjpc/zwac026
https://doi.org/10.1016/j.ultrasmedbio.2023.01.016
https://doi.org/10.3389/fphys.2020.630148
https://doi.org/10.3389/fphys.2020.630148
https://doi.org/10.1249/01.mss.0000210203.10200.12
https://doi.org/10.1249/01.mss.0000210203.10200.12
https://doi.org/10.1152/jappl.2001.91.6.2611
https://doi.org/10.1161/CIRCIMAGING.113.001345
https://doi.org/10.1161/CIRCIMAGING.113.001345
https://doi.org/10.1016/s0002-9149(00)00709-8
https://doi.org/10.1007/s00421-015-3151-7
https://doi.org/10.1177/2047487312462799
https://doi.org/10.1152/japplphysiol.00078.2004
https://doi.org/10.1152/japplphysiol.00078.2004
https://doi.org/10.1113/EP086275
https://doi.org/10.1113/EP086275
https://doi.org/10.1016/j.jesf.2013.04.003
https://doi.org/10.1161/CIRCULATIONAHA.112.001268
https://doi.org/10.1161/CIRCULATIONAHA.112.001268
https://doi.org/10.3389/fphys.2022.831179
https://doi.org/10.1016/j.jcmg.2014.12.032
https://doi.org/10.1016/j.jcmg.2014.12.032
https://doi.org/10.3109/14017431.2013.860234
https://doi.org/10.3109/14017431.2013.860234
https://doi.org/10.1016/j.jcmg.2016.03.016
https://doi.org/10.1016/j.jcmg.2016.03.016
https://doi.org/10.1080/17461391.2017.1294620
https://doi.org/10.1007/s10554-015-0600-7
https://doi.org/10.1093/ehjci/jeab248
https://doi.org/10.1055/s-0028-1104572
https://doi.org/10.1016/0009-8981(84)90359-0
https://doi.org/10.1016/s0196-0644(95)70270-9
https://doi.org/10.1016/s0196-0644(95)70270-9
https://doi.org/10.1055/s-2003-42014
https://doi.org/10.1136/bjsm.2006.034041
http://www.ajpheart.org
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

89.

90.

o1

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Q)) SEX-RELATED CARDIAC REMODELING IN ATHLETES

Brancaccio P, Maffulli N, Limongelli FM. Creatine kinase monitoring
in sport medicine. Br Med Bull 81-82: 209-230, 2007. doi:10.1093/
bmb/IdmO014.

Rogers MA, Stull GA, Apple FS. Creatine kinase isoenzyme activ-
ities in men and women following a marathon race. Med Sci Sports
Exerc 17: 679-682, 1985. doi:10.1249/00005768-198512000-00010.
Legaz-Arrese A, Lopez-Laval I, George K, Puente-Lanzarote JJ,
Mayolas-Pi C, Serrano-Ostariz E, Revilla-Marti P, Moliner-Urdiales
D, Reverter-Masia J. Impact of an endurance training program on
exercise-induced cardiac biomarker release. Am J Physiol Heart Circ
Physiol 308: H913—H920, 2015. doi:10.1152/ajpheart.00914.2014.
Herrmann M, Scharhag J, Miclea M, Urhausen A, Herrmann W,
Kindermann W. Post-race kinetics of cardiac troponin T and | and N-
terminal pro-brain natriuretic peptide in marathon runners. Clin
Chem 49: 831-834, 2003. doi:10.1373/49.5.831.

Scharhag J, George K, Shave R, Urhausen A, Kindermann W.
Exercise-associated increases in cardiac biomarkers. Med Sci Sports
Exerc 40:1408-1415, 2008. doi:10.1249/MSS.0b013e318172cf22.
Frassl W, Kowoll R, Katz N, Speth M, Stangl A, Brechtel L, Joscht
B, Boldt LH, Meier-Buttermilch R, Schlemmer M, Roecker L, Gunga
HC. Cardiac markers (BNP, NT-pro-BNP, Troponin |, Troponin T, in
female amateur runners before and up until three days after a mara-
thon. Clin Lab 54: 81-87, 2008.

Legaz-Arrese A, Carranza-Garcia LE, Navarro-Orocio R, Valadez-
Lira A, Mayolas-Pi C, Munguia-lzquierdo D, Reverter-Masia J,
George K. Cardiac biomarker release after endurance exercise in
male and female adults and adolescents. J Pediatr 191: 96-102,
2017. doi:10.1016/j.jpeds.2017.08.061.

Eijsvogels TM, Hoogerwerf MD, Maessen MF, Seeger JP, George
KP, Hopman MT, Thijssen DH. Predictors of cardiac troponin release
after a marathon. J Sci Med Sport 18: 88-92, 2015. doi:10.1016/j.
jsams.2013.12.002.

La Gerche A, Boyle A, Wilson AM, Prior DL. No evidence of sus-
tained myocardial injury following an [ronman distance triathlon. Int J
Sports Med 25: 45-49, 2004. doi:10.1055/5-2003-45236.

Chen Y, Serfass RC, Mackey-Bojack SM, Kelly KL, Titus JL, Apple
FS. Cardiac troponin T alterations in myocardium and serum of rats
after stressful, prolonged intense exercise. J Appl Physiol (1985) 88:
1749-1755, 2000. doi:10.1152/jappl.2000.88.5.1749.

Kong Z, Nie J, Lin H, George K, Zhao G, Zhang H, Tong TK, Shi Q.
Sex differences in release of cardiac troponin T after endurance
exercise. Biomarkers 22: 345-350, 2017. doi:10.1080/1354750X.
2016.1265007.

Neumayr G, Pfister R, Mitterbauer G, Eibl G, Hoertnagl H. Effect of
competitive marathon cycling on plasma N-terminal pro-brain natri-
uretic peptide and cardiac troponin T in healthy recreational cyclists.
Am J Cardiol 96: 732-735, 2005. doi:10.1016/j.amjcard.2005.04.054.
Tamura N, Ogawa Y, Chusho H, Nakamura K, Nakao K, Suda M,
Kasahara M, Hashimoto R, Katsuura G, Mukoyama M, Itoh H, Saito
Y, Tanaka I, Otani H, Katsuki M. Cardiac fibrosis in mice lacking
brain natriuretic peptide. Proc Natl Acad Sci USA 97: 4239-4244,
2000. doi:10.1073/pnas.070371497.

Scharhag J, Urhausen A, Herrmann M, Schneider G, Kramann B,
Herrmann W, Kindermann W. No difference in N-terminal pro-brain
natriuretic peptide (NT-proBNP) concentrations between endurance
athletes with athlete’s heart and healthy untrained controls. Heart
90:1055-1056, 2004. doi:10.1136/hrt.2003.020420.

Martin TG, Pata RW, Jou D, Narowska G, Myrick K, Malloy KA,
Lafalce AM, Feinn R. The influence of non-modifiable and modifi-
able factors on cardiac biomarkers after marathon running. J Sports

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.00756.2023 - www.ajpheart.org

104.

105.

106.

107.

108.

109.

110.

m.

12.

13.

14.

115.

116.

Med Phys Fitness 59: 1771-1778, 2019. doi:10.23736/S0022-4707.
19.09247-8.

Clerico A, Masotti S, Musetti V, Passino C. Pathophysiological
mechanisms determining sex differences in circulating levels of car-
diac natriuretic peptides and cardiac troponins. J Lab Precis Med 4:
8, 2019. doi:10.21037/jlpm.2019.01.03.

Ohba H, Takada H, Musha H, Nagashima J, Mori N, Awaya T,
Omiya K, Murayama M. Effects of prolonged strenuous exercise on
plasma levels of atrial natriuretic peptide and brain natriuretic pep-
tide in healthy men. Am Heart J 141: 751-758, 2001. doi:10.1067/
mhj.2001.114371.

Kaleta-Duss AM, Lewicka-Potocka Z, Dabrowska-Kugacka A,
Raczak G, Lewicka E. Myocardial injury and overload among ama-
teur marathoners as indicated by changes in concentrations of cardi-
ovascular biomarkers. Int J Environ Res Public Health 17: 6191, 2020.
doi:10.3390/ijerph17176191.

Wilhelm M, Nuoffer JM, Schmid JP, Wilhelm |, Saner H.
Comparison of pro-atrial natriuretic peptide and atrial remodeling in
marathon versus non-marathon runners. Am J Cardiol 109: 1060—
1065, 2012. doi:10.1016/j.amjcard.2011.11.039.

Wang TJ, Larson MG, Levy D, Leip EP, Benjamin EJ, Wilson PW,
Sutherland P, Omland T, Vasan RS. Impact of age and sex on
plasma natriuretic peptide levels in healthy adults. Am J Cardiol 90:
254-258, 2002. doi:10.1016/s0002-9149(02)02464-5.

Clerico A, Fontana M, Vittorini S, Emdin M. The search for a patho-
physiological link between gender, cardiac endocrine function,
body mass regulation and cardiac mortality: proposal for a working
hypothesis. Clin Chim Acta 405: 1-7, 2009. doi:10.1016/j.cca.2009.
03.050.

Montoro-Garcia S, Hernandez-Romero D, Jover E, Garcia-
Honrubia A, Vilchez JA, Casas T, Martinez P, Climent V, Caballero
L, Valdés M, Marin F. Growth differentiation factor-15, a novel bio-
marker related with disease severity in patients with hypertrophic
cardiomyopathy. Eur J Intern Med 23: 169-174, 2012. doi:10.1016/].
€jim.2011.08.022.

Scherr J, Braun S, Schuster T, Hartmann C, Moehlenkamp S,
Wolfarth B, Pressler A, Halle M. 72-h kinetics of high-sensitive tro-
ponin T and inflammatory markers after marathon. Med Sci Sports
Exerc 43:1819-1827, 2011. doi:10.1249/MSS.0b013e31821b12eb.
Bass NM, Manning JA, Ockner RK, Gordon JI, Seetharam S, Alpers
DH. Regulation of the biosynthesis of two distinct fatty acid-binding
proteins in rat liver and intestine. Influences of sex difference and of
clofibrate. J Biol Chem 260: 1432-1436, 1985.

Kaleta AM, Lewicka E, Dabrowska-Kugacka A, Lewicka-Potocka Z,
Wabich E, Potocki W, Raczak G. Intensive exercise and its effect on
the heart: is more always better? Cardiol J 24: 1M11-116, 2017.
doi:10.5603/CJ.2017.0039.

Le Goff C, Kaux JF, Farre Segura J, Stojkovic V, Ancion A, Seidel L,
Lancellotti P, Cavalier E. Evolution of the slopes of ST2 and galec-
tin-3 during marathon and ultratrail running compared to a control
group. Clin Chem Lab Med 58: 314-321, 2020. doi:10.1515/cclm-
2019-0555.

Goff C, Lennartz L, Vranken L, Kaux J, Cavalier E. Comparison of
cardiac biomarker dynamics in marathon, semi-marathon and
untrained runners: what is the impact on results interpretation? J
Lab Precis Med 4: 6, 2019. doi:10.21037/jipm.2019.01.04.

Roca E, Nescolarde L, Lupén J, Barallat J, Januzzi JL, Liu P, Cruz
Pastor M, Bayes-Genis A. The dynamics of cardiovascular bio-
markers in non-elite marathon runners. J Cardiovasc Trans/ Res 10:
206-208, 2017. doi:10.1007/512265-017-9744-2.

H1079

Downloaded from journals.physiology.org/journal/ajpheart at Gdanski Uniwersytet Medyczny (153.019.066.068) on May 7, 2024.


https://doi.org/10.1093/bmb/ldm014
https://doi.org/10.1093/bmb/ldm014
https://doi.org/10.1249/00005768-198512000-00010
https://doi.org/10.1152/ajpheart.00914.2014
https://doi.org/10.1373/49.5.831
https://doi.org/10.1249/MSS.0b013e318172cf22
https://doi.org/10.1016/j.jpeds.2017.08.061
https://doi.org/10.1016/j.jsams.2013.12.002
https://doi.org/10.1016/j.jsams.2013.12.002
https://doi.org/10.1055/s-2003-45236
https://doi.org/10.1152/jappl.2000.88.5.1749
https://doi.org/10.1080/1354750X.2016.1265007
https://doi.org/10.1080/1354750X.2016.1265007
https://doi.org/10.1016/j.amjcard.2005.04.054
https://doi.org/10.1073/pnas.070371497
https://doi.org/10.1136/hrt.2003.020420
https://doi.org/10.23736/S0022-4707.19.09247-8
https://doi.org/10.23736/S0022-4707.19.09247-8
https://doi.org/10.21037/jlpm.2019.01.03
https://doi.org/10.1067/mhj.2001.114371
https://doi.org/10.1067/mhj.2001.114371
https://doi.org/10.3390/ijerph17176191
https://doi.org/10.1016/j.amjcard.2011.11.039
https://doi.org/10.1016/s0002-9149(02)02464-5
https://doi.org/10.1016/j.cca.2009.03.050
https://doi.org/10.1016/j.cca.2009.03.050
https://doi.org/10.1016/j.ejim.2011.08.022
https://doi.org/10.1016/j.ejim.2011.08.022
https://doi.org/10.1249/MSS.0b013e31821b12eb
https://doi.org/10.5603/CJ.2017.0039
https://doi.org/10.1515/cclm-2019-0555
https://doi.org/10.1515/cclm-2019-0555
https://doi.org/10.21037/jlpm.2019.01.04
https://doi.org/10.1007/s12265-017-9744-2
http://www.ajpheart.org
http://mostwiedzy.pl

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6
	bkmk_bookmark_7
	bkmk_bookmark_8

	bkmk_bookmark_9
	bkmk_bookmark_10
	bkmk_bookmark_11
	bkmk_bookmark_12

	bkmk_bookmark_13
	bkmk_bookmark_14
	bkmk_bookmark_15
	bkmk_bookmark_16
	bkmk_bookmark_17


