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A — late diastolic filling velocity
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1. INTRODUCTION

1.1 Historical perspective

The adaptation of the cardiovascular system to regular physical exercise has been a
subject of research for over a century. The first studies reporting the enlargement of the
heart in athletes were published in the end of the 19" century (1,2). While the initial
observations were based on chest percussion, a few years later chest X-ray examinations
also confirmed these findings (3). Palpation of the radial artery pulse, and later
electrocardiographic (ECG) studies revealed significant resting bradycardia in athletes.
Along with the extension of the cardiovascular diagnostic modalities (echocardiography,
cardiac magnetic resonance, etc.), data were exponentially growing regarding the
morphological and functional remodeling of the heart in response to chronic exercise.
This was also supported by the substantial changes in athletic training: the hobby
sportsmen of the first Olympics were gradually replaced by professional athletes. As a
result of scientifically designed training regimes, diets and schedules, the cardiac
adaptation in elite athletes may be considered as the absolute peak of exercise-induced
remodeling.

In parallel with the novel findings of exercise physiology, alarming observations about
the possibly harmful consequences of intense training brought sports cardiology to life.
The death of Philippides, the soldier running from Marathon to Athens may be the first
documented exercise-related sudden cardiac death (SCD), and even in the 18. century it
was thought that intense regular exercise is generally harmful. This concept was mainly
defeated; however, the existence of “athletic heart syndrome” — cardiomyopathy solely
on the basis of regular exercise is still a matter of debate.

Nowadays, sports cardiology is an important subspecialty of heart- and vascular medicine
incorporating various fields, such as cardiovascular imaging, electrophysiology, or even
experimental cardiology. The “larger heart for a better performance” concept is dissected
to the level of distinct changes in myocardial mechanics, histological features, and gene

expressions.



1.2 Cardiac chamber mechanics and their measurement: systolic function beyond left

ventricular ejection fraction

Undoubtedly, left ventricular (LV) ejection fraction (EF) is the mainstay parameter of LV
function: numerous guidelines incorporate its measurement to support clinical decisions
due to its robustly established prognostic role. Nevertheless, it only represents the systolic
function of the LV from a geometric point of view, and its significant load dependency
and suboptimal reproducibility are also established limitations of the measurement (4).
Importantly, a decline in LVEF typically marks advanced myocardial damage, when even
optimal therapeutic choices may offer only limited reversibility. Due to these issues,
significant efforts were made to identify more sensitive markers of myocardial
(dys)function. In order to properly interpret these state-of-the-art parameters, a better

understanding of cardiac mechanics is essential.

1.2.1 Left ventricular deformation

LV ejection is generated by a complex interplay of different myofiber layers. The
subendocardial layer consists of mainly longitudinally oriented fibers, which extend to
the obliquely oriented fibers of the subepicardium through the LV apical vortex. A
horizontal, middle layer is also present, contracting mainly circumferentially. In
physiological conditions, the circumferential shortening contributes twice as much more
to LV ejection compared to the longitudinal contraction (5).

The LV subendocardial fibers have the highest oxygen demand; therefore, they are the
most prone to ischaemia, and also hemodynamic overload states affect more this layer
(4). Hence, the vast majority of cardiac diseases damage longitudinal shortening first,
giving the possibility to detect early stages of myocardial dysfunction by the measurement
of this deformation component. A decrease in longitudinal contraction can be effectively
compensated by an increase in circumferential shortening, which maintains LVEF, while

changes in chamber volume and wall thickness may also alter this interrelation (5).

1.2.2 Right ventricular deformation
Three main mechanisms generate the right ventricular (RV) ejection: shortening along
the longitudinal axis with the traction of the tricuspid annulus towards the apex



(longitudinal motion); inward movement of the RV free wall (radial motion) and traction
of the RV free wall insertion points by the circumferential deformation of LV
myocardium (anteroposterior motion) (6). These motion components also correspond to
the architecture of the RV myocardium. The latter consists of two main layers: a
predominantly longitudinally aligned subendocardial layer and a dominantly
circumferentially oriented subepicardial layer. By the shared interventricular septum and
the fibers crossing the interventricular groove, LV contraction also has a significant
impact on RV performance. Traditionally, the longitudinal motion is considered to be the
main determinant of RV ejection; however, recent data suggest that the non-longitudinal

motion components may have a more significant role than previously thought (6).

1.2.3 Atrial deformation

The function of the thin-walled atria in health and disease was neglected for a long time.
Indubitably, the atrial function is tightly coupled to the function of the corresponding
ventricle. Nevertheless, evidence is growing about a more reciprocal relationship: while
ventricular dysfunction markedly hampers atrial function, atrial dysfunction also has a
significant effect on ventricular performance (7).

The wall of the atria consists of two layers, longitudinally aligned fibers can be found in
the subendocardium, while the subepicardial layer consists of circumferentially oriented
fibers. Assessment of longitudinal and circumferential function separately may be of high
interest; however, a similarly interesting (and easier to measure) aspect of atrial
performance is its phasic function (7). During ventricular systole, the atria act as
reservoirs of blood. In early diastole, they serve as passive conduits of the diastolic blood
flow into the ventricles, while at late diastole active contraction of the atria create a
booster pump function to complete ventricular filling. These distinct phases can be
quantified either by the volumetric changes (Figure 1) and also by the deformation of the

atria throughout the cardiac cycle.
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Figure 1: Left atrial (LA) volume-time curve with the phasic volumes and the calculation
of LA functional indices. The curve in synchronized with an electrocardiogram. Vmax =
maximal atrial volume, Vmin = minimal atrial volume, EV = ejection volume, preAV =
preA-wave volume. LA EF = left atrial total emptying fraction (reservoir function); LA
passive EF = left atrial passive emptying fraction (conduit function); LA active EF = left
atrial active emptying fraction (contractile function). These metrics were used in our third

study regarding LA function in athletes

1.2.4 Conventional echocardiographic indices and their inherent limitations

Standard one- and two dimensional (2D) and Doppler-based echocardiographic methods
revolutionized the examination of the heart (8). Quantification of cardiac morphology
using chest X-ray and by physical examination, assessment of valvular function by
auscultation, and the estimation of cardiac function by indirect physical signs and
symptoms were replaced with much more objective and reproducible measures. The
largest body of data originate from these parameters, providing numerous important
observations regarding the nature of physiological adaptation to exercise. Still, simple
linear dimensions or calculated volumes using geometric formulas do not effectively
characterize the complex three-dimensional (3D) structure of the cardiac chambers.

Moreover, the functional measures derived from these parameters carry the same errors
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along with other additional fundamental limitations as well (e.g., limited sensitivity,
significant load dependency, modest reproducibility). These issues brought novel
cardiovascular imaging methods, such as speckle-tracking echocardiography (STE) or 3D
echocardiography to life. Beyond the management of various cardiovascular diseases,
these state-of-the-art techniques can also be implemented in the practice of sports
cardiology.

1.2.5 Speckle-tracking echocardiography

The measurement of myocardial deformation offers the opportunity to assess myocardial
function from another aspect compared to the traditional functional parameters. STE
quantifies myocardial deformation by the frame-by-frame tracking of the region of
interest. The myocardium consists of a complex structure of different histological
components, causing scattering, reflection, and interference of the ultrasound beams: on
a standard 2D greyscale image, these phenomena appear as “speckles”. The movement
of these stable imaging markers serves as a surrogate of myocardial function. Myocardial
deformation can be quantified as strain values by tracking the speckle pattern throughout
the cardiac cycle. Strain represents the relative change in the length of the region of
interest (measured in %). Negative strain represents shortening, while positive values
represent lengthening. The 3D myocardial deformation has different elemental
components, such as longitudinal and circumferential shortening, which can be quantified
by strain measurement. Global LV myocardial strain, especially global longitudinal strain
(GLS), has proven to have incremental value compared to traditional functional measures
in almost every cardiovascular disease (9). GLS may effectively reflect the function of
the longitudinally aligned LV subendocardial myofibers, which are, as previously
mentioned, typically damaged initially in disease processes. STE assessment of the RV
and the atria is also feasible, and clinical data are growing regarding the quantification of
myocardial deformation in these cardiac chambers as well (10,11). Nevertheless,

significantly less studies investigated RV and atrial deformation in health and disease.

1.2.6 3D echocardiography
The tomographic imaging of conventional 2D echocardiography is a major limitation of

the technique: the cardiac chambers are complex 3D structures; therefore, conventional
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geometric assumptions only give a rough estimation of actual morphology. The one-
dimensional measurement of LV volumes, such as the Teichholz formula, or the 2D
Simpson’s method tends to work with acceptable measurement errors in the case of
normal LV geometry. Still, when abnormal LV geometry is present (which are the
clinically most relevant scenarios), the errors of volumetric estimation are far from
negligible (12). This issue gains special importance in the case of the RV and the atria,
where the complex anatomy of these chambers undermines the feasibility of such simple
geometric formulas. In everyday clinical practice, the assessment of RV function
generally relies on simple linear measurements with subsequent limitations, while the
volumetric measurement of the atrial function is usually not even part of a standard
echocardiographic examination. 3D echocardiography may overcome these issues by
examining the exact volumes and also 3D deformation of cardiac chambers. Using 3D
reconstruction of the RV, the detailed assessment of RV mechanical pattern is feasible,
and the importance of such motion directions that are usually neglected in clinical routine
can also be evaluated (i.e., radial “bellows” motion of the free wall or anteroposterior RV
shortening). Semi-automatic 3D measurement of the atria offers incremental value in
terms of accuracy and reproducibility, characterizing the phasic function of these cardiac
chambers.

Nowadays, 3D echocardiography is widely available, and the usage of 3D post-
processing techniques is also strongly recommended by the most recent chamber
quantification guideline (13). Several vendors provide semi-automatic or even fully
automatic solutions for 3D measurements, which significantly reduces the length of the
quantification process (Figure 2). 3D-based measurements have already proven their
additive diagnostic and prognostic value compared to 2D assessment, and with the
constantly improving hardware and software environment, it may become an essential
part of the everyday echocardiographic protocols (14).

3D volumes of cardiac chambers are significantly higher compared to those measured by
2D estimates; therefore, normative values derived from 2D studies are not applicable to
3D-based measurements. Nevertheless, evidence suggests that compared to the gold
standard cardiac magnetic resonance (CMR), a systematic underestimation of chamber

volumes is still present (14).
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Figure 2: 3D echocardiography of the left ventricle and the left atrium. The software
shows long-axis and short-axis views of the chambers simultaneously. Various vendor-
dependent or even independent software solutions are available to extract volumetric and

deformation data from raw 3D images.
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1.3 The cardiac adaptation to regular physical exercise

High-intensity exercise training has significant hemodynamic demands: depending on the
sport discipline, a 5-6-fold increase in cardiac output (CO) and/or significant elevation in
the systemic blood pressure is needed during peak performance (15). To cope with such
an increase in workload, the stroke volume (SV) is increased by 25-50%, along with a 4-
fold increase in heart rate (HR). These changes require complex cardiac remodeling, also
referred to as the athlete’s heart (Figures 3 and 4). The rationale of this physiological
adaptation follows simple physical principles. According to the law of Laplace, the wall

tension is determined as follows:

T_Pr
" 2h

T: tension; P: pressure; r: circumference of the chamber; h: wall thickness

Considering that the cardiomyocytes have extremely limited proliferation potential,
changes in the cardiac mass are based on the increase in cardiomyocyte size and/or
accumulation of the extracellular tissue. In opposed to pathological states, physiological
remodeling is characterized by elevated myocyte mass with only a proportional increase
in the absolute extracellular tissue mass (16).

Sport disciplines can be classified along with the intensity of their isotonic (percent of
peak oxygen uptake) and isometric (percent of voluntary peak contraction) component,
which influence the nature of the observed cardiac hypertrophy (17). In the case of
isotonic, dynamic exercise (e.g., long-distance running, swimming), CO is elevated,
resulting in increased preload and decreased systemic resistance. In order to maintain wall
tension, chamber volumes increase, while wall thickness remains unaltered (excentric
hypertrophy, Figure 3). In the case of isometric, static exercise (e.g., weightlifting,
wrestling), systemic resistance is markedly elevated, while CO only modestly changes.
Wall tension is compensated by the increase in wall thickness, while chamber volumes
do not change significantly (concentric hypertrophy, Figure 3). The most prominent

remodeling is observed in endurance athletes (e.g., cycling, triathlon), where both types
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of hemodynamic stress are combined: high CO has to be achieved against increased
systemic resistance. Based on the classical concept of Morganroth and colleagues, the
nature of exercise-induced cardiac remodeling reflects these principles (18).
Nevertheless, initially, it was only applied to the LV, and several results suggest that these
theoretical categories are rarely seen in practice. Irrespective of the sport discipline,
professional athletic training usually incorporates dynamic and static components as well;
therefore, a wide range of changes can be seen regarding cardiac morphology and
function (19). Moreover, several other factors, such as age, training load and intensity,
gender, ethnicity, and personal genetic factors, may also influence cardiac adaptation
(20).

Dynamic training Sedentary Static training

Figure 3: The Morganroth hypothesis in clinical practice. Dynamic (isotonic) training is
associated with significant excentric hypertrophy, as seen on the left echocardiogram of
a professional swimmer. Static (isometric) training results in concentric hypertrophy of
the left ventricle, demonstrated by the echocardiogram of a powerlifter athlete on the
right (parasternal short-axis views). White lines: end-diastolic diameter, Red lines: septal

and posterior wall thickness

1.3.1 Molecular pathways of the exercise-induced cardiac remodeling

The nature of the hemodynamic stimuli is fundamentally the same in the physiological
and pathological cardiac remodeling. Significant LV pressure- (e.g., aortic stenosis,
hypertension) and volume overload (mitral regurgitation, aortic regurgitation) are
associated with morphologically similar changes of the myocardium; however, the
molecular pathways are markedly different. As it is widely known, these differences also

translate into substantial prognostic consequences.
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According to our current knowledge, the Insulin-like growth factor (IGF) -
Phosphoinositide 3-kinase — Akt is the most important signalization pathway in the
physiological remodeling (21). Besides that, cytokine-driven pathways, such as the gp130
—JAK — STAT (22) and the thyroid hormone signalization, may also have a role in this
process (23). The expression of several anti-apoptotic and anti-fibrotic proteins are
increased (24).

In contrast with that, pathological remodeling is mainly initiated through Gs and Gg-
protein coupled pathways by the increased levels of certain circulating hormones (e.g.,
catecholamines, angiotensin Il, endothelin-1). These transmitters promote the
upregulation of the fetal genetic program with enhanced apoptosis, necrosis, and

extracellular matrix accumulation (24).

1.3.2 Left ventricular adaptation to exercise

As the “engine” of the systemic circulation, the vast majority of data regarding the
training-induced cardiac changes are focusing on the LV. The above-discussed theory of
Morganroth et al. is at least partially confirmed by clinical experience: meta-analyses
have shown that dynamic exercise is associated with increased LV diameters, while
strength-trained athletes have significantly higher relative wall thickness compared to
sedentary individuals or dynamic athletes (25,26). Therefore, the increase in LV mass
(M) is similar in the athlete groups, while the relative wall thickness (RWT) shows the
different nature of LV hypertrophy in dynamic and static athletes. Still, as previously
stated, numerous studies suggest that this dichotomous distinction between isometric and
isotonic training-related remodeling does not reflect the real-life experience, and the
classification of sports by Mitchell et al. only gives a rough estimation of the expected
physiological LV adaptation (20).

The degree of LV dilation may be quite prominent (Figure 4): a considerable proportion
of elite athletes fulfill the criteria of mild or even moderate LV dilation, which was also
confirmed by more advanced imaging modalities, such as 3D echocardiography or cMR
(27,28). Mildly increased LV wall thickness is also not an uncommon finding (25).
Moreover, certain authors suggest that even extreme LV dilation (LV end-diastolic
diameter > 70 mm) and/or severe LV wall thickening (Septal thickness > 16 mm) may be

associated with physiological remodeling (29).
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Athlete Sedentary

=

Figure 4: Left ventricular and atrial adaptation in athletes. Two echocardiograms (apical
four-chamber view) are shown, a professional male athlete (swimmer, 25 hours of
training/week), and a sedentary male with comparable height. Note the spectacular

difference in chamber dimensions.

Beyond morphological adaptation, alterations in LV systolic function are also well
known; however, results are far less consistent. The most robust body of data are derived
from echocardiographic studies, and a large number of cMR studies are also available.
Meta-analyses of both modalities have shown comparable resting LV ejection fraction
(EF) values between athletes and sedentary controls (25,28). Nevertheless, the low-
normal or even reduced LV EF of professional athletes is not an uncommon finding
(30,31). Reduced LV systolic function at rest is usually associated with more advanced
morphological remodeling, suggesting that if significant chamber enlargement is present,
a less vigorous contractile function is required at rest to maintain CO even in the presence
of the characteristic sinus bradycardia (20).

Measurement of more advanced markers of LV systolic performance, such as STE-
derived strain values, also demonstrate conflicting data (32). Some studies report
enhanced deformation values compared to sedentary individuals (33), while comparable
(34) and lower strains (35) are also reported in the scientific literature. A meta-analysis
of STE in athletes showed deformation values in the normal range; however, a significant

heterogeneity of GLS values was seen across studies (32). Overall, similarly to LV EF,
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maintained strain values are expected in association with exercise-induced remodeling,
with a considerable amount of athletes presenting low-normal LV systolic deformation.

Functional adaptation to long-term exercise training also involves changes in the diastolic
function. During exercise, the diastolic function should support adequate LV load even
when increased heart rates significantly shorten the period of diastole. Pulsed-wave
Doppler interrogation of the transmitral diastolic inflow in athletes often demonstrates
higher early filling velocity (E) and/or decreased atrial contraction flow (A), resulting in
higher E/A ratio (36,37). This pattern is even more pronounced in master athletes: it
appears that regular physical exercise prevents or at least blunts the physiological shift
towards a lower E/A ratio in the elderly (36). Similarly to the assessment of LV systolic
function, STE studies also showed inconsistent results: in the majority of cases,
comparable resting early diastolic strain rates were seen along with lower late diastolic
strain rate (35). Still, studies examining LV rotational mechanics suggest that enhanced
diastolic untwisting can be seen in response to regular exercise training, as a sign of
supernormal LV diastolic function at rest (38,39). Nevertheless, the significant effect of

resting bradycardia in diastolic filling properties should also be emphasized (36).

1.3.3 Right ventricular adaptation to exercise

Compared to its left counterpart, significantly less data are available regarding RV
remodeling in athletes. Traditionally it is believed that intense dynamic training is
considered to be a sole volume overload for the RV, while pure strength training has little
to no effect on the right side of the heart. However, according to recent studies,
concomitant pressure overload is remarkably present during high-intensity dynamic
training. Left atrial pressure progressively increases with CO, which is transferred back
directly to the pulmonary circulation (40,41). Moreover, compared to the high-resistance
systemic circulation, the pulmonary vascular bed has a limited reserve for flow-mediated
reduction of resistance (41). These factors result in elevated pulmonary arterial stiffness
and increased RV wall stress (30, 31). Considering that in top-level athletes, CO can reach
a 5-7-fold increase during peak exercise, markedly elevated pulmonary pressures may
develop (15). Therefore, dynamic exercise can be perceived as a combined pressure-

volume overload to the RV.
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Recent studies suggest that right-sided dilation may be comparably significant to LV
dilation, and it becomes even more pronounced with longer training history and higher
intensity (42-44). RV dimensions may exceed the normal limits, and other peculiar
morphological features, such as rounded apex, hyperreflective moderator band, and
hypertrabeculation, are also relatively common (45). cMR studies confirm these findings:
a recent meta-analysis found more significant RV dilation compared to the LV; moreover,
RV remodeling was present irrespective of the training regime (28). Evidence suggests
that increased RV wall thickness can be seen in endurance athletes as an adaptive
response to the elevated pulmonary pressures during exercise (46).

The incidence and the physiological nature of RV scarring is also a matter of debate.
While the presence of focal late gadolinium enhancement on cMR in a minority of
professional athletes is a known phenomenon (47), a previous study enrolling master
athletes with a very high cumulative training load found no signs of RV myocardial
scarring (42).

In terms of global function measured by EF, the lower resting contractile state of the RV
is similar to its left counterpart in this population (45). However, the majority of studies
demonstrate preserved (48,49), or even enhanced (44) STE-derived GLS compared to
sedentary controls presuming a shift in the deformation pattern. Still, data are lacking
about the detailed assessment of RV mechanical pattern in athletes. Results are also
inconsistent regarding RV diastolic function; however, increased early diastolic strain
rate was demonstrated in athletes suggesting enhanced resting diastolic function similarly
to the LV (48).

1.3.4 Atrial adaptation to exercise

Cardiac adaptation to intense training is not limited to the level of the ventricles. The atria
are also subjects of volume- and pressure overload during high-level exercise (40). Two
meta-analyses demonstrated higher left atrial (LA) volumes compared to controls (50,51),
while several studies showed enlargement of the right atrium (RA) as well (52,53). A
significant proportion of athletes fulfill the criteria of mild or even moderate atrial
enlargement (Figure 4), showing that the changes in atrial morphology may be just as
relevant or even more pronounced than ventricular remodeling (54). Functional

alterations are also present: according to a recent meta-analysis, athletes have lower LA

19



GLS, which corresponds to lower resting reservoir function of the chamber. The conduit
function was comparable between athletes and controls (55). On the other hand, decreased
resting contractile strain rate was also noted compared to sedentary individuals (50).
Nevertheless, similarly to the changes of LV diastolic properties at rest, significant sinus

bradycardia may have a fundamental influence on these measures as well.

1.3.5 Influencing factors of the physiological remodeling

While the effect of the training regime (dynamic and/or static) is classically the most
commonly discussed factor regarding the nature of exercise-induced remodeling, other
relevant influencing factors are also known. One of the most important ones is gender
differences. While females also demonstrate the morphological and functional changes
of the athlete’s heart, the degree of LV and RV remodeling is significantly less compared
to males even when the values are indexed to the body surface area (56). Interestingly,
evidence suggests that LA dimensions do not differ between genders; on the other hand,
the functional changes seem to be less evident in females (51). The impact of sex
hormones was also investigated in experimental studies, generally reporting more
pronounced cardiac adaptation in females, raising the possibility that other factors (e.g.,
different training load, other genetic causes) may also impact the gender differences in
exercise-induced cardiac remodeling (56). The absolute training load is another important
determinant of the expected changes: athlete’s heart may be perceived as a spectrum from
the subtle changes of hobby sportsmen to the quite spectacular remodeling of professional
athletes (57). Interestingly, while the absolute number of training hours may influence the
degree of morphological changes, the cumulative training load may not determine the
biventricular functional measures (28). Age also influences the development of athlete’s
heart: according to previous data, signs of physiological remodeling can be observed even
in children (58), while master athletes typically demonstrate higher wall thicknesses (59).
Racial differences were also observed: in black athletes, the presence of more concentric-
type remodeling with wall thicknesses often exceeding the normal values is not an

uncommon finding (60).
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1.3.6 The time course of physiological adaptation: development of athlete’s heart
and the effect of detraining

Exercise cardiology studies are predominantly cross-sectional, and very limited
information is available regarding the longitudinal nature of the physiological
remodeling. Many consequences of pathological stimuli in cardiovascular diseases
typically show only limited reversibility even if the promoting factors have vanished. In
opposed to this, athlete’s heart is generally thought to have a highly dynamic nature. The
first observations regarding the longitudinal changes in athlete’s heart reported the effects
of deconditioning: in response to suspended athletic activity, a significant reduction of
LV wall thicknesses were seen after only a median of 3 months of suspended training
(61). A cohort of former professional cyclists showed similar results; however, LV and
RV dimensions were considerably higher, while atrial volumes were markedly elevated
compared to controls even after a median of 30 years of suspended professional training
(62). These results suggest that exercise-induced ventricular, and especially atrial dilation
may not be completely reversible, and permanent changes in cardiac morphology may be
present as a consequence of previous regular training. On the other hand, functional
measures did not differ between the former athlete and sedentary groups.

Development of the athlete’s heart shows a more or less similar pattern: LV and RV mass
demonstrates a progressive increase as a relatively early response to exercise training.
Considerable LV dilation only appears after six months of training; however, RV volume
shows a progressive increase from the outset of training (63). LA dilation with lowering
LA active emptying function can also be observed (64). Nevertheless, longitudinal studies
with professional athletes show that concentric-type LV hypertrophy reoccurs with
maintained long-term regular exercise (65). Resting systolic functional measures were
found to be unchanged, while diastolic measures were reported to be improved in these
studies (66). Still, it is important to mention that the main modifying factors, such as
training regime, gender, and age, are proven to impact also the dynamic changes of
exercise-induced cardiac remodeling, which limits the generalizability of these

observations.
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1.3.7 Other cardiovascular properties of the athlete’s heart: electrical changes and
adaptation of the coronary arteries

Beyond structural and functional remodeling, distinct changes of the ECG are also present
in the athlete’s heart as a sign of electrical remodeling (67). One of the most characteristic
marker of the athlete’s heart is the significant resting bradycardia, which is attributable to
the increased vagal tone. This markedly increased parasympathetic activity may be
associated with atrioventricular (AV) block: cases of atrioventricular dissociation with no
apparent underlying heart disease are also known (68).

Several minor alterations on the ECG, such as incomplete right bundle branch block, first-
degree AV-block, early repolarization pattern, and voltage criteria of left ventricular
hypertrophy, are more common in athletes and considered to be a normal phenomenon.
Other ECG changes, such as T-wave inversions, Mobitz 1. type AV block may also be
present as a normal variant, especially in distinct subpopulations (black athletes,
adolescents) (67). Nevertheless, these uncommon patterns usually indicate further
examinations to exclude any underlying pathological process.

Another interesting aspect of physiological remodeling is the changes in the coronary
arteries. Regular exercise training promotes angiogenesis resulting in an enhanced
capillary density of the myocardium and also promotes collateralization of the coronary
arteries (69). Moreover, several studies demonstrated the higher basal arterial tone and
enhanced coronary artery dilator capacity of athletes, showing the morphological and also

functional remodeling of the cardiac vascular bed (70).

1.3.8 The rationale of the physiological remodeling: relationship with exercise
capacity

Despite the above discussed marked changes in the athlete’s heart, data are scarce
regarding the association between cardiac remodeling and exercise capacity. While the
success in professional sport is determined by many other factors (e.g., psychological
state, precision, or even fortune) cardiopulmonary exercise testing (CPET)-derived peak
oxygen uptake (VO2/kg) may be used as an objective measure of athletic performance,
which enables us the quantification of physical status. During CPET, the subject of the
examination performs progressively increasing exercise (e.g., running, cycling) until peak

workload and exhaustion. Oxygen uptake and also CO> removal are measured to quantify
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aerobic and anaerobic exercise capacity. Enhanced values presume an increased ability
to serve the exercise-induced metabolic demands, which is highly dependent on the
cardiopulmonary fitness of the individual. VO2/kg is an established marker or
cardiovascular health with a known strong prognostic role in the general population (71).
Previous studies using cMR examinations in athletes observed a strong correlation
between cardiac size and VOx/kg (72). Ventricular and also LA morphological
remodeling were associated with better exercise capacity (72,73). A previous study
demonstrated an inverse correlation between LV and RV EF and VO2/kg; however,
interestingly, they did not find a relationship between LV deformation parameters and
exercise performance (72,74). Another study enrolling older soccer referees found a
direct relationship between LV GLS and VO2/kg (75), which is in line with other studies
showing a positive correlation between biventricular EF and GLS and exercise capacity
in heart failure patients (76). On the other hand, professional athletes commonly
demonstrate low-normal EF and deformation values, which have been in stark contrast

with these findings.

1.4. Potential adverse effects of regular exercise, “the athletic heart syndrome”

Physical exercise is generally considered to be beneficial: according to our current
knowledge, regular exercise decreases resting blood pressure, lowers blood cholesterol
levels, and enhances the expression of anti-atherogenic factors (77). Beyond the
cardiovascular system, other organ functions may also improve, moreover, the incidence
of various cancer types are also found to be lower in athletic individuals (77). These
effects also translate into prognostic consequences: robust evidence shows that regular
exercise lengthens life expectancy (78). In contrast to these findings, the overall effects

of high-intensity regular training are much more controversial.

1.4.1 Incidence of sudden cardiac death in athletes

Momentous clinical studies confirmed the higher probability of SCD in athletes compared
to the age-matched healthy, sedentary population. According to a prospective study
enrolling more than 1 million young subjects from the Veneto region, Italy, the incidence
of SCD was 2.5 times higher (0.9 vs. 2.3 person/100000 person-years) in athletes (79).
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However, a similar study from the United States of America reported a much more
alarming 1 person/3100 person-years incidence of SCD in professional basketball players
(80). Males have a 3-5 times higher risk, and several studies indicate that in black athletes,
SCD has a markedly higher incidence (81). Considering that the events occur in
(seemingly) healthy, young individuals, these observations are particularly worrisome.
SCD of a famous, renowned athlete also draws significant attention of the media, which
may undermine the “athletic idol” and the important role of physical activity in public
health.

1.4.2 Etiology of sudden cardiac death in athletes

A handful of studies from different countries examined the most common etiological
factors of SCD in athletes, mostly based on post-mortem diagnoses. The findings are
fairly consistent over the age of 35 years, reporting ischemic heart disease as the far most
prevalent underlying condition in athletes suffering SCD (81). Nevertheless, in athletes
under 35 years, the studies have shown well-defined differences across the globe. In Italy,
arrhythmogenic right ventricular cardiomyopathy (ARVC) was found to be the most
frequent cause of SCD (82). Previous studies suggest that ARVC-related genetic
mutations are more prevalent in the South-European countries (83). However, the role of
ARVC in exercise-related SCD gains particular importance in the face of novel findings
regarding the connection of exercise training and the RV (84). Evidence is growing that
chronic, high-intensity training may induce permanent RV damage and/or precipitate
subclinical RV diseases due to the disproportionate load of the right side of the heart
during intense exercise (41). Experimental studies confirmed that regular training may
promote adverse remodeling of the RV in a dose-dependent manner (85). If genetic
predisposition (plakophyllin-2 mutation) is present regular training may result in overt
ARVC phenotype at molecular level and macroscopically as well, which was not seen in
the sedentary group (86). Exercise-induced RV dysfunction was also described in human
studies, however, current results refer to it as a transient phenomenon following strenuous
training bouts (87).

North American studies reported hypertrophic cardiomyopathy (HCM) as the most
prevalent cause of SCD in athletes (88), which may be attributable to the higher frequency

of the disease in black populations (60). Moreover, a considerable minority of the autopsy
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findings was “idiopathic LV hypertrophy,” which may also correspond to a
morphologically mild HCM-variant (81). As previously mentioned, in sport disciplines
such as basketball, where a large subset of athletes is African American, a very high
incidence of SCD was reported, which may confirm the aforementioned hypothesis. A
German prospective registry identified myocarditis as the most frequent cause of SCD,
which emphasizes the importance of viral infections in the northern countries (89).
Nevertheless, recent autopsy-based studies report the large prevalence of structurally
normal hearts after athletic SCD. This population may be comprised of different primary
electrical diseases (channelopathies) (81). Beyond these etiological factors, other
diseases, such as anomalous coronary arteries, dilated cardiomyopathy (DCM), and aortic

dissection, are also not uncommon causes of SCD in this population (81).

1.4.3 Other potential cardiovascular hazards of intense physical exercise

Atrial fibrillation (AF) without the presence of other precipitating factors (e.g., coronary
artery disease, cardiomyopathy) is not a well-known potential consequence of long-term
intense physical exercise (90). The relationship between competitive sport and AF is
controversial. Meta-analyses of this topic concluded that athletes have increased risk of
AF compared to the general population, and that is in interaction with age and gender as
well: as expected, master athletes and males are consistently reported to be more
susceptible to exercise-related AF (91). Furthermore, large studies have shown that
exercise intensity has a U-shaped relationship with AF risk (“exercise paradox”):
decreases with moderate exercise but increases at both ends of the exercise spectrum
(91,92). Moreover, besides anatomical and functional cardiac remodeling, electrical
remodeling might be present as well, and there is likely to be a subset of athletes that have
high genetic scores for AF risk (93). Nevertheless, we are still lacking prospective studies
regarding AF risk in athletes.

While regular exercise is generally considered to be beneficial in structurally normal
hearts, several papers reported more advanced coronary artery calcification in master
athletes. A few decades earlier, it was hypothesized that anyone who is able to complete
a marathon is practically protected from any form of coronary atherosclerosis. This belief
was elegantly defeated by a case series of six myocardial infarctions during the New York

Marathon of 1976 (94). These results also raised the possibility that vigorous exercise
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may accelerate the progression of coronary atherosclerosis and/or precipitate acute
coronary syndrome (95). Coronary computed tomography angiography examinations
reported higher coronary plaque burden predominantly in male marathon runners who
started running at an older age (96). Moreover, a recent small prospective study
demonstrated a dramatic increase in non-calcified plaque volume following extreme
endurance exercise (97). These results strongly suggest that vigorous physical exercise
may have undesirable effects on the coronary arteries. Nevertheless, it is still unclear if

these observations actually translate into prognostic consequences.

1.4.4 Distinction of athlete’s heart from cardiovascular diseases: the issue of the
“grey zone”

The morphological and functional characteristics of manifest pathological hypertrophy
are well defined, providing clear cutoffs with acceptable sensitivity and specificity. One
of the main issues of sport cardiology is the overlapping features of the athlete’s heart and
cardiovascular diseases: this diagnostic “grey zone” often complicates the distinction
between these two entities. The current consensus statement of the joint branches of the
European Society of Cardiology defined findings that warrant further evaluation during
pre-participation screening (98).

The diagnosis of ARVC is based on the revised Task Force Criteria; however, it
demonstrates only modest specificity in the case of athletes due to significant overlapping
of the cutoff values (99). Previous results suggest that RV regional strain values may help
to identify athletes with ARVC and also subclinical cases (100). Early detection of the
disease is important in this population, considering that the majority of athletes suffer
SCD during exercise; however, maintained mild or moderate amount of training may not
have adverse effects on clinical outcome (101).

Marked LV wall thickening (>15 mm in males, >13 mm in females) in athletes raises the
suspicion of HCM (Figure 5). Examination of further conventional parameters, such as
the degree of LV dilation, LA size, or the assessment of LV diastolic function, may give
further aid for the distinction between HCM and athlete’s heart (102). Surprisingly,
previous data suggest that STE-derived resting LV GLS was comparable between athletes
with HCM, healthy athletes, and controls; however, LV mechanical dispersion was able

to differentiate between HCM and the healthy groups (103). Machine learning-based
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phenotypic recognition also demonstrated high efficacy in the distinction between the two
entities (104). Nevertheless, in opposed to the traditional viewpoint, a small prospective

study suggests that physically active HCM patients have similar event rate compared to

those who interrupt regular training (101).

Figure 5: Hypertrophic cardiomyopathy in an athlete. Parasternal long-axis acquisition
of a professional soccer player with hypertrophic cardiomyopathy. A screening
echocardiography examination found significant left ventricular hypertrophy with a
septal predominance (wall thickness: 17 mm, upper red arrow) and high-normal left
ventricular end-diastolic diameter (white arrow). Cardiac magnetic resonance showed
the absence of cardiac fibrosis; however, suspension of training did not result in
regression of the left ventricular hypertrophy confirming the diagnosis of hypertrophic

cardiomyopathy.

Echocardiography in the diagnosis of DCM in athletes usually provides a definitive
diagnosis. Still, professional athletes often demonstrate significant LV enlargement along
with borderline LV systolic function (28). The absence of spherical and/or

disproportionate LV remodeling, the presence of functional valvular regurgitation, and
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non-specific changes in the ECG support pathological rather than physiological
remodeling in these cases.

In dubious cases, the significant reversibility of the athlete’s heart offers an effective
option for definitive diagnosis: by the interruption of training, a marked regression in
chamber volumes and wall thicknesses, and also functional reverse remodeling is
expected (105). Nevertheless, it obviously requires the cooperation of the patient, which

is markedly limited in several cases.

Overall, conventional examination methods provide the diagnosis in many dubious cases.
Still, when several features of pathological and physiological remodeling overlap, an
advanced multimodality approach is essential. In order to better characterize the nature
of physiological changes and to investigate the continuum of exercise capacity, the

examination of healthy, elite athletes is needed.

1.5 Animal models of the athlete’s heart

Experimental models of high-intensity exercise training provide important data regarding
the athlete’s heart. Properly planned and executed experimental research protocols enable
us to examine the response of the cardiovascular system to regular exercise in such
detailed and controlled fashion, which is not feasible in real-life clinical settings. These
protocols may also include measurements and procedures (e.g., cardiac catheterization,
autopsy/biopsy), which are technically or ethically, cannot be accomplished in athletes.
Therefore, the vast majority of our current molecular understanding in this field is derived
from experimental research, and several other important observations are based on
experimental data. Nevertheless, an important limitation has to be addressed: animal
physiology differs from humans; however, it may also serve as an advantage: the shorter
gestation periods, many offsprings, and faster life cycles guarantee faster experimental
protocols.

Small rodent models, such as rats and mice, are the most commonly used animal models
of athlete’s heart (106). Voluntary and mandatory training protocols are also known. In
the case of voluntary exercise, wheel running is used: with this setting, the exercise load

is limited by the intrinsic willingness of the animal itself. Still, rodents may run 10-15
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km/day, and previous studies reported the development of robust cardiac hypertrophy
with this approach (107).

Mandatory running protocols use treadmill, which enables to define a more precise
workload at the expense of potential stress and injuries of the animals. Different exercise
regimes are known: while earlier studies with continuous treadmill velocity demonstrated
only modest changes in cardiac morphology and function (108), novel experimental
protocols using interval training regimes reported much more pronounced LV and RV
remodeling (109).

Swim training in rodents is also commonly used to induce physiological hypertrophy
(110). Mouses and rats have the innate ability to swim, and beyond the length and
frequency of the training, the workload can also be precisely modified by applying weight
or floating devices to the animals. Therefore, a homogeneous training load can be
achieved in the study groups (111). As compared to the running protocols, the sedentary
control animals should also perform brief swimming sessions as a form of “sham
training,” to exclude the effect of the water itself. It is important to note that water tank
depth, animal density in the tank, and water movement may also affect the results, which
limit the comparability of different trials (106).

It is worth to mention that these aforementioned experimental training protocols are
predominantly dynamic exercise models. Animal models of resistance exercise are also
known in the literature (112); however, they are applied mainly in neurophysiological
studies, and data are scarce regarding the cardiovascular adaptation in such experimental

settings.
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2. OBJECTIVES

As sports cardiology evolves, exercise-induced cardiac changes are gaining more and
more clinical significance. Nevertheless, the vast majority of available studies are cross-
sectional and focus only on the LV remodeling omitting functional changes and the
accompanying alterations of other cardiac chambers. Therefore, data regarding the
longitudinal nature of exercise-induced cardiac remodeling and assessment of RV and
LA adaptation to intense exercise would be of high importance.

1. Characterization of the dynamic changes in left ventricular morphology and
function induced by exercise training and detraining in a rat model of athlete’s
heart

Although exercise-induced cardiac hypertrophy has been intensively investigated, the
dynamics of its development and regression and subsequent functional changes have not
been comprehensively described. Therefore, we aimed to characterize the effects of
regular exercise training and detraining on LV morphology and function in a rat model

of exercise-induced cardiac hypertrophy.

2. Assessment of the exercise-induced shift in right ventricular contraction
pattern

Despite the growing attention concerning RV morphology and function in health and
disease, data are limited to the functional adaptation of the RV to intense exercise. Our
aim was to characterize the RV mechanical pattern in top-level athletes using 3D
echocardiography and also to determine the relationship of RV mechanics to CPET-
derived VO2/kg.

3. Unfolding the relationship between left atrial morphology and function and
exercise capacity in elite athletes

Data are scarce regarding LA adaptation to regular physical exercise. We aimed to

examine LV and also LA morphological and functional remodeling in a large cohort of

elite athletes using 3D echocardiography. Beyond the comprehensive assessment of

exercise-induced changes in the LA and LV, we also aimed at examining their

relationship with CPET-derived exercise capacity.
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3. METHODS

3.1 Experimental groups and study design in the rat model of athlete’s heart

In our first study, all experimental procedures were reviewed and approved by the Ethical
Committee of Hungary for Animal Experimentation (permission no. 22.1/1162/3/2010).
This investigation conformed to the Guide for the Care and Use of Laboratory Animals
provided by the National Institute of Health (NIH Publication No. 86-23, revised 1996.)
and to the EU Directive 2010/63/EU. All animals received humane care.

Young adult, male Wistar rats (n=48, weight=275-325 g) were housed in standard rat
cages at constant room temperature (22+2 °C) and humidity with a 12:12-hours light-dark

cycle. Rats were fed standard laboratory rodent chow and water ad libitum.

After acclimation, twenty-four rats were randomly divided into control (Co, n=12) and
exercised groups (Ex, n=12). These rats completed a 12-week-long training and also an
8-week-long detraining period, and during this period, they underwent regular
echocardiographic measurements at weeks 0, 4, 8, 12, 14, 16, 18 and 20. At week 20,
these animals underwent LV pressure-volume (PV) analysis.

Additionally, to obtain hemodynamic data at weeks 0 (baseline) and 12 (end of training
period), twelve rats were assigned to groups (Co0, n=6, and Ex0, n=6), and pressure-
volume analysis was performed at week 0. Further, twelve rats were used to perform
invasive hemodynamic measurements (Col2, n=6, and Ex12, n=6) after completion of

the training protocol.

Body weight (BW) was measured three times a week during the 20-week-long period.
The rats were euthanized after completion of in vivo experiments (PV analysis); the heart
was excised, and heart weight (HW) was measured immediately and was indexed to BW

values.

3.1.1 Training and detraining protocol
Swim training was performed in a container divided into six lanes filled with tap water

(45 cm deep) maintained at 30-32 °C. Rats of exercised groups were exposed to
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200 min/day swimming 5 days/week for 12weeks to induce physiological LV
hypertrophy, as described previously (110).

Thereafter, during the detraining period, animals from both groups remained sedentary
for 8 weeks. The duration of the detraining period was chosen according to a pilot study

and corresponding literature data.

3.1.2 Echocardiography

Rats were anesthetized with pentobarbital sodium (60mg/kg ip.). Animals were placed on
controlled heating pads, and the core temperature was maintained at 37°C. After shaving
the anterior chest, transthoracic echocardiography was performed in the supine position
by one investigator blinded to the experimental groups. Standard two-dimensional long-
and short-axis (at the midpapillary level), as well as M-mode images, were acquired using
a 13-MHz linear transducer (12L-RS; GE Healthcare, Horten, Norway) connected to a
commercially available system (Vivid i; GE Healthcare). Archived recordings were
analyzed by a blinded investigator using dedicated software (EchoPac v113; GE
Healthcare). On 2D recordings of long-axis and short-axis (at the midpapillary level), LV
anterior (AWT) and posterior (PWT) wall thickness in diastole (index: d) and systole
(index: s) as well as LV end-diastolic (LVEDD) and end-systolic diameter (LVESD) were
measured. End-systole and end-diastole were defined as the time point of minimal and
maximal LV dimensions, respectively. All values were averaged over three consecutive
cycles. Relative wall thickness (RWT) was calculated as (AWTd+PWTd)/LVEDD.
Fractional shortening (FS) was determined from the measurements of LV chamber
diameters: FS = [(LVEDD — LVESD)/LVEDD] x 100. LV mass (M) was calculated
according to the following formula: LVM = [(LVEDD + AWTd + PWTd)® — LVEDD?]
x 1.04 x 0.8 +0.14. To calculate LV mass index (LVMi), we normalized LV mass values
to the body weight of the animal. The Teichholz formula (LVEDV=[7.0/(2.4+LVEDD)]
x LVEDD?®) was utilized to calculate LV volume values. SV, EF, and CO were

determined using standard formulas.

3.1.3 Speckle-tracking echocardiography
Strain analysis was carried out in accordance with our internal protocol (113). Briefly,
two-dimensional acquisitions of long- and short-axis views of the LV dedicated for

32



speckle-tracking analysis were recorded at least three times by a constant frame rate of
218 Hz. Speckle-tracking analysis was performed by a blinded operator with expertise in
the software environment (EchoPAC v113). To quantify GLS and longitudinal systolic
strain rate (LSr), three different long-axis recordings from each animal, and three cardiac
cycles from each recording were analyzed. To measure global circumferential strain
(GCS) and circumferential systolic strain rate (CSr), the same sequence was performed
using short-axis loops. After manual contouring of the endocardial border, the software
automatically separated the region of interest into six segments and calculated strain and
strain rate values, correspondingly. In the case of low tracking fidelity, the contour was
further corrected manually, and the analysis was repeated. Acceptance of a segment to be
included in the further analysis was guided by the recommendation of the software.
Ideally, for each parameter (3 % 3 x 6), 54 segmental values were available. Based on our

protocol, animals with <36 values did not enter into statistical analysis (none).

3.1.4 Hemodynamic measurements — left ventricular pressure-volume analysis
After completion of the training and detraining protocol (at week 20) and in the additional
groups (at week 0 and 12), in vivo hemodynamic measurements under ketamine
(100mg/kg ip.) and xylazine (3mg/kg ip.) anesthesia were performed as described earlier
(110). Shortly, after proper surgical preparation of the animal, a 2-Fr pressure-
conductance microcatheter (SPR-838, Millar Instruments, Houston, TX, USA) was
inserted into the right carotid artery and advanced into the ascending aorta where aortic
pressure curves were recorded to calculate mean arterial blood pressure (MAP). The
catheter was thereafter advanced into the LV. After stabilization HR, LV end-systolic
pressure (LVESP), LV end-diastolic pressure (LVEDP), the maximal slope of LV systolic
pressure increment (dP/dtmax) and diastolic pressure decrement (dP/dtmin), LV end-
diastolic volume (LVEDV), LV end-systolic volume (LVESV), SV, EF and stroke work
(SW) were calculated and corrected according to in vitro and in vivo volume calibrations.
To exclude the influence of body weight differences, CO was normalized to BW [cardiac
index (CI)]. The volume calibration of the conductance system was performed, as
previously described (110).

In addition to the above parameters, PV loops recorded at different preloads can be used

to derive useful indices of LV contractility that are less influenced by loading conditions
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and cardiac mass. Therefore, LV PV relations were measured by transiently compressing
the inferior vena cava (reducing preload) under the diaphragm with a cotton-tipped
applicator. The slope of the LV end-systolic PV relationship (ESPVR; according to the
parabolic curvilinear model), preload recruitable stroke work (PRSW), and the slope of
the dP/dtmax - end-diastolic volume relationship (dP/dtmax-EDV) were calculated as
load-independent indices of LV contractility.

All animals were euthanized by exsanguination. Thereafter the heart was quickly

removed, and HW was measured.

3.1.5 Histology

The hearts were removed and were fixed in buffered paraformaldehyde solution (4%) and
embedded in paraffin. Transverse, transmural, ~5 um thick slices of the ventricles were
cut and placed on adhesive slides.

Hematoxylin and eosin staining was performed to measure cardiomyocyte diameter as a
cellular marker of myocardial hypertrophy. In each sample, 100 longitudinally oriented
cardiomyocytes from the LV were examined, and the diameters at transnuclear position
were defined. The mean value of 100 measurements represented one sample.

The extent of myocardial fibrosis was assessed on picrosirius-stained sections. ImagelJ
software (National Institutes of Health, Bethesda, MD) was used to identify the
picrosirius-red positive area. Three transmural images (magnification 50x) were
randomly taken from the free LV wall on each section. The fibrosis area (picrosirius red
positive area-to-total area ratio) was determined on each image, and the mean value of

three images represents each animal.

3.1.6 Statistical analysis

Results are expressed as mean = SEM. The normal distribution of our data was confirmed
by Shapiro-Wilk test. StatSoft Statistica 12.0 (StatSoft Inc., Tulsa OK, USA) was used in
order to perform the statistical analyses.

To compare differences regarding hemodynamic parameters and heart weight data during
the 12 weeks of training, two-way analysis of variance (ANOVA) was performed with
time and training as factors on data of independent animals in Co0, Ex0, Co12, and Ex12

groups. p values for time x training interaction (piT) were calculated. During the 8-week-
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long detraining period, two-way analysis of variance (ANOVA) was carried out with time
and trained state as factors on data of independent animals in Col12, Ex12, Co, and Ex

groups. p values for time x trained state interaction (piD) were calculated.

For the statistical analysis of consecutive echocardiographic data of animals in Co and Ex
groups, during the 12 weeks of training, mixed ANOVA was performed with time as
within-subject factor and training as between-subject factor. p values for time x training
interaction (piT) were calculated. During the 8-week-long detraining period, mixed
ANOVA was carried out with time as within-subject factor and trained state as a between-

subject factor. p values for time X trained state interaction (piD) were calculated.

Post hoc pairwise comparisons with Bonferroni method were performed to determine

differences between Co and Ex groups at the given time points.

To assess the reproducibility of STE measurements, four animals from each group were
randomly selected. STE analysis was performed again using the aforementioned protocol
by the first and second operator blinded to grouping and to previous results. Lin’s
concordance correlation coefficient was calculated, respectively. A p value <0.05 was the

criterion of significance (Table 13).

3.2 Study groups and methods of the right ventricular and the left atrial assessment in

athletes

Between March 2017 and May 2018, we have consecutively examined elite athletes
enrolled through our Center’s complex sports cardiology screening programme (approved
by the Medical Research Council ETT-TUKEB No. 13687-0/2011-EKU). The
participants gave written informed consent to every procedure of our study. In our second
study, sixty (30 female and 30 male) healthy, young top-level water polo athletes, all of
them members of the national teams in the corresponding age group were enrolled). In
our third study, inclusion criteria were elite athletes defined by being a member of the
national team in the corresponding age group and with a mixed-type exercise regimen
(waterpolo [n=113], swimming, [n=11], kayaking [n=14]; n=138). All of the
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measurements were performed during the in-season competition phase and at least 24
hours after the last athletic training. Detailed medical history and training regime were
obtained along with the standard physical examination and 12-lead ECG.
Echocardiography, then CPET were performed. Subjects with uncommon
echocardiographic and/or ECG features, suboptimal echocardiographic image quality, or
athletes who suspended regular training in the last 6 months were excluded. In our second
study 40, while in our third study 50 healthy, sedentary volunteers from our existing
database (no previous participation in intensive training, <3 hours of exercise/week) with
no relevant medical history, no signs or symptoms of cardiovascular disease and normal
ECG and echocardiogram served as the control group with similar age and gender

distribution.

3.2.1 Echocardiography

Echocardiographic examinations were performed on commercially available ultrasound
systems (Philips EPIQ 7G, X5-1 transducer, Best, The Netherlands; or GE Vivid E95,
4V-D transducer, GE Vingmed Ultrasound, Horten, Norway). Standard acquisition
protocol consisting of loops from parasternal, apical, and subxyphoid views was used
according to current guidelines (13). LV wall thicknesses and diameters were evaluated
in parasternal long-axis (PLAX) view at the level of mitral valve coaptation. LA
anteroposterior diameter was measured in PLAX view perpendicular to the aortic root at
the level of sinuses. LA and RA areas were calculated by contouring atrial endocardial
borders in apical 4 chamber view, and LA and RA volumes were estimated by the
Simpson method indexed to BSA. RV basal short-axis diameter, RV length, tricuspid
annular plane systolic excursion (TAPSE), fractional area change (FAC) were measured
from apical four-chamber view. LV inflow by pulsed-wave Doppler at the level of the
mitral valve coaptation was obtained to measure E and late A wave peak velocities, their
ratio, and E-wave deceleration time. Pulsed wave Tissue Doppler Imaging was used to
measure systolic (s’), early (e’), and late diastolic (a”) velocities at the mitral lateral and
medial annulus and also on the tricuspid annulus. The ratio of E-wave velocity to
averaged e’ velocities of the mitral medial and lateral annulus was calculated as an

estimate of LV filling pressures.
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Beyond routine echocardiographic protocol, ECG gated full-volume 3D datasets
reconstructed from 4 or 6 cardiac cycles optimized for the LV, LA, and RV were obtained
from apical view with a minimum volume rate of 25 volumes/sec for off-line analysis.
Image quality was verified bedside to avoid “stitching” and “drop-out” artifacts of the 3D
data. Further measurements were performed on a separate workstation using dedicated
softwares (4D LALV Function and 4D RV Function 2, TomTec Imaging GmbH,
Unterschleissheim, Germany). Concerning the LV and the LA, the software detects
endocardial surfaces of the chambers, and following manual correction, it traces its
motion throughout the cardiac cycle (Figure 6). In the case of the LV, we determined
EDVi, ESVi, SVi, and LVMi indexed to BSA, and to characterize global LV function EF
and deformation parameters such as GLS and GCS were also assessed. We have also
determined RVEDVi and RVESVi to quantify RV 3D morphology, and for the
assessment of RV function, we have measured RVSVi, RVEF, and RV free wall
longitudinal strain (RVFWLS). Parameters were normalized to body surface area (BSA)

calculated by the Mosteller formula (114).

Figure 6: Three-dimensional echocardiographic analysis of the left atrium (LA) and the
left ventricle (LV). Following the correction of the LV and LA long axis, the algorithm
detects the endocardial borders and traces their motion throughout the cardiac cycle in

multiple planes, also allowing manual editing if needed. Therefore, 3D models of the LA
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and LV are generated, and changes in chamber volumes and global longitudinal strain
can be calculated. 4ch = four-chamber view; 3ch = three-chamber view; 2ch = two-

chamber view

To examine LA 3D morphology and function, the timing of the late diastolic atrial
contraction was confirmed by mitral annular motion to measure LA maximal volume
(LAVi), minimal volume (Vmin), and pre A-wave volume (preAV) indexed to BSA.
Total emptying volume was defined as LAVi-Vmin. Using these volumetric data, we
calculated LA total emptying fraction (EF) as 100*(LAVi-Vmin)/LAVi, LA passive EF
as 100*(LAVi-VpreA)/LAVi, and LA active EF as 100*(VpreA-Vmin)/VpreA, as
parameters of the LA reservoir, conduit and contractile function, respectively (Figure 1).
We have also quantified true conduit volume as LVSVi-(LAVi-Vmin). The software also

automatically calculates 3D LAGLS.

3.2.2 Detailed assessment of right ventricular deformation

For the detailed assessment of RV mechanics, the 3D model of the RV was exported
frame-by-frame throughout the cardiac cycle for further analysis using our custom made
software (Right Ventrlcular Separate wall motlon quantificatiON — ReVISION). Briefly,
the wall motions of the 3D RV model are decomposed in a vertex-based manner. The
volumes of the models accounting for only one motion direction were calculated at each
time frame using the signed tetrahedron method. By the decomposition of the model's
motion along the three orthogonal, anatomically relevant axes, volume loss attributable
to either longitudinal, radial, or anteroposterior wall motions could be separately
quantified (115). Thus, longitudinal (LEF), radial (REF), and anteroposterior (AEF)
ejection fraction and their ratio to global RV EF (LEF/RVEF, REF/RVEF, AEF/RVEF,
respectively) could be expressed as a measure of the relative contribution of the given
wall motion direction to a global function. To assess longitudinal and circumferential
myocardial deformation, we computed 3D GLS and GCS as well. On the end-diastolic
frame, a plane was rotated around the longitudinal axis of the 3D RV model 20 times by
18 degrees (Figure 7). At each position, the length of each longitude defined by the
intersections of the endocardial contour and the plane was calculated. Each longitude was

composed of an infinite number of vertices, which coordinates could be interpolated
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based on their barycentric coordinates in each frame throughout the cardiac cycle. Only
accounting for the motion along the longitudinal axis, the changes in the length of each
longitude can be measured, and GLS can be computed (Figure 7). To calculate GCS, the
3D model was sliced with 20 horizontal planes (Figure 7). Similarly to GLS, the vertices
of the horizontal contours were interpolated using barycentric coordinates on each frame.
By averaging the length changes of each contour referenced to their end-diastolic length,
GCS could be evaluated (Figure 7). In order to examine the regional differences in RV
LS and CS, the free wall and the septal surface of the 3D model was separated, and the
free wall was divided into three regions (basal, mid and apical parts) by trisection along

the vertical axis. The tricuspid and pulmonary annulus were omitted from all analyses.

Free Wall Free Wall

_ 1 L@ES_LZED _ l C‘ZES*C’LED
GLS =~ Z — GCS =~ Z — i
Figure 7: Determination of right ventricular global longitudinal strain (GLS; A) and
global circumferential strain (GCS; B). ED, end-diastolic; ES, end-systolic.

3.2.3 Cardiopulmonary exercise testing

CPET for peak oxygen uptake quantification was performed on a treadmill using an
incremental protocol commencing at a 2 minutes 6 km/h flat race followed by 8 km/h
uphill running with an increasing slope of 1.5% every minute until exhaustion. The

volume and composition of the expired gases were analyzed breath-by-breath using an
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automated cardiopulmonary exercise system (Respiratory Ergostik, Geratherm, Bad
Kissingen, Germany). Subjects were encouraged to achieve maximal effort, which was
confirmed by respiratory exchange ratio and also by reaching the predicted maximal HR

and a plateau in oxygen uptake.

3.2.4 Statistical analysis

Statistical analysis was performed using dedicated software (Statsoft Statistica v12,
Tulsa, OK, USA). Data are presented as mean + SD. Shapiro-Wilk test was used to test
normal distribution. In the RV study, two-way ANOVA with two factors (gender and
sport activity) and their interactions (gender*sport) was used to compare groups, and in
the case of significant interaction, Tukey’s post-hoc analysis was performed to compare
the four study groups. In the LA study, the gender-based matching of the two study groups
was confirmed by Chi-square test, and unpaired Student’s t-test was used to compare
groups. Pearson or Spearman test was applied for correlation analysis as appropriate.
Multiple linear regression analysis was applied to find independent predictors that
determine VO2/kg. To avoid multicollinearity issues, tolerance was set as > 0.5. p values
<0.05 were considered significant. The intra- and interobserver variability were evaluated
using Lin’s concordance correlation. To assess the intraobserver reproducibility of the
presented key parameters, the operator of the off-line measurements (blinded to previous
results) repeated the 3D analysis: in both studies, a randomly chosen subset of 10 athletes
and 5 controls were used (Table 13). The interobserver variability was determined by 3D
analysis of the same subjects by a second experienced operator in a blinded fashion (Table
13).
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4. RESULTS

4.1 Characterization of the dynamic changes in left ventricular morphology and

function induced by exercise training and detraining in a rat model of athlete’s heart

4.1.1 Heart weight data

HW/BW ratio did not differ between our baseline groups (3.42 £0.06 g/kg Ex0 vs. 3.39
+0.03 g/kg Co0). A marked increase in the HW/BW ratio confirmed cardiac hypertrophy
in trained animals (piT=0.0051; Ex12 vs. Col12: 3.67 + 0.14 g/kg vs. 2.96 + 0.16 g/kg),
which regressed to control values after the detraining period (piD=0.0012; Ex vs. Co:
2.72 £0.04 g/kg vs. 2.73 £ 0.10 g/kg).

4.1.2 Data from LV pressure-volume analysis

HR and pressure values did not differ between control and exercised animals, either after
completing the training plan (at week 12) or after the detraining period (at week 20)
(Table 1). The volume values corresponded to the echocardiographic data: as a result of
12-week-long swim training, unaltered LVEDV was associated with decreased LVESV,
resulting in increased SV, EF, Cl, and SW compared to control animals. Load-
independent indices of myocardial contractility (PRSW; ESPVRq and dP/dtmax-EDV)
were increased as a result of long-term exercise training (Table 1, Figure 8). Both
conventional and load-independent parameters of systolic function and contractility did
not show any difference in week 20, confirming the complete morphological and

functional reversibility of exercise-induced alterations (Figure 8).
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Figure 8: Load-independent contractility parameters measured by left ventricular
pressure-volume analysis. Upper panel: representative original recordings of one control
(Co) and exercised (Ex) rat during transient occlusion of the inferior vena cava at weeks
(WK) 0, 12, and 20. The slope of the end-systolic pressure-volume relationship (ESPVR)
reflects alterations of cardiac contractility. Lower panel: alterations of sensitive
contractility parameters [ESPVR and preload recruitable stroke work (PRSW)] during
training and detraining. *p < 0.05 vs. Co. piT and piD: interaction value of two-way
analysis of variance (ANOVA) during training and detraining, respectively. Co0 n=6;

Ex0 n=6; Col12 n=6; Ex12 n=6; C020 n=12; Ex20 n=12.
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Table 1: Haemodynamic data of the study groups.

Week 0 Week 12 piT Week 20 piD

Co0 (n=6)  Exo (n=6) Col2 (n=6) Ex12 (n=6) Co (n=12) Ex (n=12)
HR (1/min) 272411 27345 22446 243+14 0.38 244 £8 239+10 | 0.23
MAP (mmHg) 77.4+1.4 77.0+1.8 81.6+3.8 85.3+2.8 0.44 85.9£3.9 80.9+2.3 0.61
LVESP (mmHg) 85+.4.1 85.5¢1.1 100.4+2.8  96.3£2.6 0.44 101.1+4.2 100.543.4 0.67
LVEDP (mmHg)  5.0+0.2 4.540.3 4.94+0.4 5.6+0.5 0.12 4.34£0.2 42402 0.20

dP/dtmax(mmHg/s) 6453429 5880+£309  7305+345 75854227 | 0.21  6979+284 6775+304 0.45
dP/dtmin(mmHg/s) -6570+441 -61674228 -7509+583 -7552+298 0.61 -75394+365 -7176+239 0.61
LVEDV (uL) 212.848.3 2244479 261.6£7.6 258.3+8.3 | 036 276.4+8.5 269.0+7.4 0.82
LVESV (uL)  65.8+£5.0 69.1£6.1 110.4+8.2 85.3+3.4* 0.02 1234443 118.2+3.7 0.054

SV (uL) 147.0+4.0 155.3+£3.0 151.3+6.3 173.0+7.3* = 0.02 153.0+£5.2 150.8+5.8 0.049

EF (%) 69.3+1.3 69.5£1.8 588424  66.9+1.1* 0.02 55.4+0.7  56.0+1.1 <0.01

Cl (mL/min)/100g 127.4+4.7 136.244.9 729433  98.249.7* = 019 64.7£2.7 67.4+3.6 0.02
SW (mmHg*mL) 11798+536 11735253 12612+844 15012+649* 0.06 12615+594 12226+360 0.03
ESPVR 1.78+0.09 1.84+£0.12 1.76+0.05 2.23+0.10* | 0.04 1.73+0.13 1.74+0.08 0.03

PRSW  97.9+4.9 98.3+2.8 85.2+4.1 107.4£3.9* 0.01 80.7£5.2 80.8+3.1 0.01
dP/dtmax-EDV ~ 35.4+1.0 33.6+1.1 352+1.5 444+1.1* <0.001 34.6+1.6 34.5+1.7 | 0.01

Abbreviations: HR = heart rate; MAP = mean arterial pressure; LVESP =left ventricular (LV) end-systolic pressure;
LVEDP = LV end-diastolic pressure; dP/dtmax and dP/dtmin = maximal slope of the systolic pressure increment and
the diastolic pressure decrement,respectively; LVEDV = LV end-diastolic volume; LVESV = LV end-systolic volume;
SV = stroke volume; EF = ejection fraction; Cl = cardiac index; BW = bodyweight; SW = stroke work; ESPVR =
slope of end-systolic pressure-volume relationship; PRSW = preload recruitable stroke work; dP/dtmax-EDV = slope
of dP/dtmax—end-diastolic volume relationship. *p<0.05 vs. Co at week 12. pir and pip: interaction value of two-way
analysis of variance (ANOVA) during training and detraining, respectively

43



4.1.3 Echocardiography

Our results during the training period indicate that LV wall thickness values and
calculated LV mass index were significantly increased after one month of swim training
(Figure 9, Table 2). While end-diastolic dimensions (LVEDD, LVEDV) remained
unaltered compared to control animals, end-systolic dimensions (LVESD, LVESV)
significantly decreased in swimming animals, resulting in increased SV and CO as well
as improved FS and EF (Table 2). RWT clearly increased in the training period,
suggesting the appearance of a concentric hypertrophy in our trained rats (Figure 9). HR
did not differ between groups at any time points (Table 2). Cessation of swim training
resulted in a rapid, complete regression of wall thickness, LV mass index, and RWT
values (Table 2): just two weeks after discontinuation of swim training (at week 14), there
was no difference between control and exercised groups. This morphological regression
was followed by reversion of alterations in cavital dimensions and systolic parameters
(FS and EF), which did not differ after 4 weeks of detraining. The values between these
two groups did not differ in the remaining six weeks of our protocol, suggesting complete

rapid regression of exercise-induced hypertrophy.
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Table 2: Echocardiographic assessment of the study groups (Control [Co]: n=12; Exercised [EX]: n=12)

Week 0 Week 4 Week 8 Week 12 pit Week 14 Week 16 Week 18 Week 20 Pip

Co Ex Co Ex Co Ex Co Ex Co Ex Co Ex Co Ex Co Ex
HR (beats/min) 406+13 428+10 350+7 353+7 34248 3359 319+7 330+8 0.1623 353+11 365+13 35710 374+£11 350+9 369+12 365+8 3769 0.8928
LVAWd (mm) 1.75£0.04  1.81+0.02  1.89+0.05 2.10£0.04> 1.97+0.03 2.26+0.03> 2.06£0.04 2.36+0.04° <0.0001 2.08+£0.03  2.13+£0.02  2.12+0.03  2.14+0.02  2.14+0.04  2.12+0.01  2.18+0.05  2.15+0.01 <0.0001
LVAWSs (mm) 2.84+0.06  2.84+0.05 2.96£0.05 3.2+0.05°  2.99+0.07 3.40+0.03° 3.21£0.08 3.48+0.05° <0.0001 3.1240.08  3.09+£0.03  3.16+0.07 3.07+0.03  3.21+0.07  3.12+0.03  3.23+0.06  3.16+0.02 <0.0001
LVPWd (mm) 1.59+£0.03  1.58+0.02  1.68+0.03 1.84+0.04' 1.7320.03 1.93+0.03% 1.84+0.02 1.98+0.03° <0.0001 1.88+0.03  1.90+0.03  1.88+0.02  1.85+0.02 1.89+0.03 1.86+0.02 1.91+0.04  1.90+0.02 0.0001
LVPWs (mm) 2.56+0.03  2.64+0.05 2.73+0.0  3.04£0.04'  2.74:£0.05 3.28+0.06>° 2.82+0.05 3.20+0.05° <0.0001 2.89+0.06 2.97+0.06 2.83+0.06 2.86+0.06 2.87+0.07 2.86+0.05 2.85+0.07 2.89+0.05 <0.0001
LVEDD (mm) 6.46+£0.08 6.32+0.07 6.83+0.06 6.66+0.11 6.91+£0.07 6.66+0.05 6.93+0.07 6.85+0.06 0.3941 6.93+0.10 6.91+0.07 7.04+0.05 7.00+0.05 7.15+0.05 7.12+0.04 7.17+0.07 7.14+0.08 0.9080
LVESD (mm) 3.56£0.05 3.47+0.08 3.87+0.10 3.46+0.12° 4.20£0.05 3.27+0.09° 4.28+0.06 3.53+0.11° <0.0001 4.29+0.09 3.88+0.10°  4.34+0.05  4.19+0.09 4.37+0.08 4.27+0.09 4.45+0.08 4.36+0.09 <0.0001
RWT 0.52£0.01 0.54+0.01  0.52+0.01 0.59+0.01° 0.54£0.01 0.63£0.01> 0.56+0.01 0.63+0.01° <0.0001 0.57£0.01  0.58+£0.01  0.57+0.01 0.57+0.01 0.56+0.01 0.56+0.01 0.57+0.01  0.57+0.01 <0.0001
LVM (g) 0.70£0.02  0.69£0.01  0.81£0.02  0.89+0.03" 0.86£0.02 0.96+0.02> 0.92+0.02 1.04+0.04° <0.0001 0.94+0.03  0.96+0.02  0.97+0.01 0.96+0.01 1.00+0.03  0.98+0.04  1.02+0.02 1.00+0.01 <0.0001
LVMi (g/kg) 2.3240.07  2.28£0.06  2.10£0.05 2.53+£0.09' 2.00£0.04 2.60+0.05> 2.01+0.03  2.66+0.07° <0.0001 1.95+0.06 2.16£0.06° 1.95£0.05 2.05+0.05 1.97+0.03  2.06£0.04  1.96+0.04  2.01+0.04 <0.0001
FS (OA)) 44.8+0.8 45.1+0.9 43.3+1.2 48.1+1.0° 39.2+0.6 51.0+1.07 38.3+0.5 48.4+1.3% <0.0001 38.1+1.1 43.9+1.2° 38.3+0.7 40.1£1.0 38.8+0.9 40.1x1.1 37.9+1.0 38.8+1.2 <0.0001
LVEDV (p,l) 213.54+6.0 203.3+5.3 241.5+5.0 229.248.5 248.7+5.6 228.7+4.2 249.94+5.6 243.245.2 0.3757 250.5+8.1 248.3+5.6 259.1+4.4 255.7+4.4 267.7+4.2 265.9+3.8 270.0+5.7 267.2+6.4 0.9156
LVESV (ul) 53.24+2.0 50.4+3.0 65.6+4.2 50.6+4.21 79.0+2.5 43.842.9% 82.2+2.7 52.943.9° <0.0001 83.3+4.5 65.7+3.9* 85.3+2.4 78.8+4.0 86.9+3.9 82.1+4.2 90.7+3.9 86.6+4.4 <0.0001
SV (ul) 160.3+5.2 152.9+£3.8 175.9+4.3 178.6:4.8 169.8+4.1 184.9+2.2% 167.6+3.8 190.3+4.2° 0.0002 167.2+6.5  182.5+4.7 173.8+4.1 177.0+£3.9  180.8+3.5 183.8+4.2 179.3+5.0  180.6+6.2 0.0087
EF (%) 75.0:0.8  75.3£1.1  72.9+1.5 78311  68.2+0.7 81.0£1.0° 67.1x0.7 78.4+1.4°  <0.0001 66.7£1.4  73.6£1.4  67.080.9  69.3+1.3  67.6£1.2  69.2+1.4  66.4£1.2 67515 <0.0001
CO (ml/min) 64.6+2.1 65.5£2.5 61.6+1.8 63.0+£2.2 58.0+1.9 61.9+1.6 53.4£1.6 63.0+2.2° 0.0253 58.6£2.6 66.5+£2.9 61.8+1.9 66.1£2.3 63.3+1.9 67.6+£2.0 65.3£1.9 67.8+£2.7 0.2031
GLS (OA)) -17.1+0.8 -16.5+0.5 -14.9+0.3 -13.9+0.6 -14.240.7  -16.8+0.7°  -15.5+0.6 -17.1+0.4 0.0006 -15.0+1.0 -15.4+0.7 -15.3+0.7 -16.0+0.9 -15.2+0.6 -15.2+0.5 -13.6+0.6 -13.8+0.4 0.0457
LSr (HZ) -4.35+0.16 -4.29+0.12 -3.73+0.09 -3.79+0.15 -3.51+0.13 -4.29+0.21°> -3.72+0.18 -4.51%0.12° 0.0032 -3.63+0.20 -3.94+0.21 -3.47+0.16 -3.74+0.19 -3.69+0.14 -3.71+0.13 -3.33+0.13 -3.49+0.11 0.0244
GCS (%) -13.9+0.3 -12.7+0.6 -12.54+0.2 -12.3+0.6 -13.0£0.7  -18.1£1.5%  -14.2+0.4  -19.1x1.0° <0.0001 -13.6+0.8 -13.6+0.4 -11.9+0.4 -12.6+0.3 -13.5+0.9 -13.4+0.5 -12.9+0.7 -13.3+0.6 <0.0001

CSr (Hz) -3.79£0.12 -3.49+0.19 -3.2120.05 -3.19:0.18 -3.34+0.19 -4.83+0.42> -3.46£0.11 -5.1420.23° <0.0001  -3.47+0.25 -3.560.11 -3.0320.08 -3.38+0.08 -3.3420.21 -3.48+0.12 -3.17+0.18 -3.44%0.15  <0.0001
Abbreviations: Co = control group, Ex = exercise group, HR = heart rate, LVAWA = left ventricular anterior wall end-diastolic thickness, LVAWSs = left ventricular anterior end-systolic thickness, LVPWd = left ventricular posterior
wall end-diastolic thickness, LVPWs = left ventricular posterior wall end-systolic thickness, LVEDD = left ventricular end-diastolic diameter, LVESD = left ventricular end-systolic diameter, RWT = relative wall thickness, LVM =
left ventricular mass, LVMi = left ventricular mass index, FS = fractional shortening, LVEDV = left ventricular end-diastolic volume, LVESV = left ventricular end-systolic volume, SV = stroke volume, EF = ejection fraction, CO =
cardiac output, GLS = global longitudinal strain, LSr = longitudinal strain rate, GCS = global circumferential strain, CSr = circumferential strain rate, pir and pip: interaction value of two-way analysis of variance (ANOVA) during
training and detraining, respectively, *:p<0.05 vs. Co at week (WK) 4; 2:p<0.05 vs. Co at Wk 8; 3:p<0.05 vs. Co at Wk 12; 4:p<0.05 vs. Co at Wk 14.

45



Anterior wall - diastole

Relative wall thickness

» Co * » Co
*
25 & * & Ex 0.65 -+ Ex
23 E 0.60 !
= 4
s : 2 o055 i
E 19 ' E p 7 :
e ! 2 050 .
' Training E Detraining 0.45 Training i Detraining
Lo Prr<0.001 Pip<0.001 L Pr<0001  pp<0.001
\ . e . o O Q L) ) UG
4349 & & & $‘_\$‘_\$‘.\$‘.\$‘}
LV mass index
Co
11 3.0 * = Ex
1.0 2.7 * ®
0.9 4 2.41 ; E
208 i 21 :
0.7 ; 1.8 . : o
Training : Detraining iF Training ! Detraining
whr Pir<0.001 ' pip<0.001 YL pr<0.001  ~ pp<0.001
S o R OO
4&‘. {\‘. @‘. 4\‘. 4\*\4;%\@%\@% @‘. 4\" 4\* $$\¢\$\$$\$$\$$
Fractional shortening Ejection fraction
55 * Co 85 * - Co
% * * -+ Ex - * * - Ex
45 ' 75 i
o ' (d !
= 40 ! =70 '
35 ' 65 v
Training + Detraining Training i Detraining
VLB Eaesol T ot oaon
Q ™ > RO Q ™ > ORI
G NG G NG G G
Q\ Q\ @ 4\‘{' \‘\‘b Q\‘. \eﬂ- q\‘b $ & $ $‘4~ @’b @‘b \x\\b @‘4-

Figure 9: Consecutive standard echocardiographic measurements. Upper panel:
representative left ventricular (LV) M-mode images from one control (Co) and exercised
(Ex) rat at weeks (Wk) 0, 12, and 20. Note the increased wall thickness and decreased
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end-systolic dimensions in Ex rats compared to Co rats after completion of the training
programme (Wk 12) and the reversibility of the observed structural alterations (Wk 20).
Lower panel: Echocardiographic data of consecutive LV measurements: end-diastolic
anterior wall thickness, relative wall thickness, and LV mass values showed rapid
development and regression of exercise-induced morphological alterations, which were
followed by changes in fractional shortening and ejection fraction. Data: the
mean = SEM. *p < 0.05 Co vs. Ex. piT and piD: interaction value of mixed analysis of
variance (ANOVA) during training and detraining, respectively. Co0 n=6; Ex0 n=6;
Co012 n=6; Ex12 n=6; C020 n=12; Ex20 n=12.

4.1.4 Speckle-tracking echocardiography

After the initiation of the training period, a slight, non-significant decrease could be
observed regarding longitudinal and circumferential strain and strain rate parameters in
both control and exercise groups (Figure 10). This finding could be a consequence of
body mass gain, while the continuous increase in EDV refers to this phenomenon. At
week 8, and even more prominently at week 12, in the trained group, both longitudinal
and circumferential strain and strain rate parameters showed a significant increase in
systolic function compared to control animals. Consistently with morphological data, an
immediate drop in STE-derived parameters could be observed in the trained group after
cessation of training. There was no difference between the two groups from week 14 to
week 20. The assessment of intra- and interobserver variability demonstrated good
reproducibility of GLS and GCS (Table 15).
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Figure 10: Layout and results of the speckle-tracking analysis. A: Representative speckle-
tracking analysis images to determine global circumferential strain (GCS) and
circumferential strain rate (CSr) on left ventricular mid-papillary short-axis original
recordings of an exercised (Ex) rat at weeks (Wk) 0, 12 and 20. Each continuous curve
represents a given segment of the echocardiographic image. Average values of the 6
segments are delineated with the red dotted line and compared to an original recording
from a control (Co) rat (blue dotted line). Results of consecutively measured GCS and
CSr during training and detraining periods are depicted below. B: Results of
consecutively measured global longitudinal strain (GLS) and longitudinal strain rate
(LSr) during training and detraining periods *p <0.05 Co vs. Ex. piT and piD:
interaction value of mixed analysis of variance (ANOVA) during training and detraining,
respectively. Co0 n=6; Ex0 n=6; Col12 n=6; Ex12 n=6; C020 n=12; Ex20 n=12.
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4.1.5 Histology

Increased cardiomyocyte width values were observed in exercised rats compared to
control ones after completion of the training program (Figure 11/A). This exercise-
induced alteration showed complete regression after the 8-week long resting period.
Picrosirius staining revealed no collagen deposition in the myocardium of exercise-
trained rats, that confirms the physiological nature of the observed hypertrophy (Figure
11/B).
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Figure 11: A: Representative hematoxylin-eosin stained sections (magnification 400x)
from control (Co) and exercised (Ex) groups at different stages, that were used to measure
transnuclear cardiomyocyte width. Mean LV cardiomyocyte diameter was increased after
swim training, which confirmed myocardial hypertrophy at cellular level. Our
histological data also confirmed the regression of exercise-induced alteration. B:
Representative picrosirius-stained sections (magnification 50x) from each group. Red
color shows collagen fibers in the myocardium. The analysis of picrosirius-staining
showed unaltered collagen density between exercised and control rats during training

and detraining program. Values are means + SEM. *p<0.05 vs. Co. piT and piD:
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interaction value of two-way analysis of variance (ANOVA) during training and
detraining, respectively. Co0 n=6; Ex0 n=6; Col2 n=6; Ex12 n=6; C020 n=12; Ex20
n=12.

4.2 Assessment of the exercise-induced shift in right ventricular

contraction pattern

4.2.1 Basic demographic and anthropometric data

The mean age of the athletes was 19 years. They were participating in competitive sport
for 10+5 years with a training time of 17+6 hours per week. Both control groups were
age-matched. Athletes demonstrated higher height, weight, and BSA compared to the
control groups, and also males had higher values compared to females. Athletes had
higher systolic but similar diastolic blood pressure compared to the control groups. Males
had lower HR compared to females, while athletes also demonstrated lower HR values.

Peak oxygen uptake was higher in male athletes compared to female athletes (Table 3).

Table 3: Baseline characteristics of athlete and control groups

MA FA MC FC p for p for p for

(n=30) (n=30) (n=20) (n=20) gender sport interaction
Age (years) 18.9+4.0 19.0£3.7 19.943.8 19.5£2.3 0.81 0.27 0.71
Height (cm) 191.3+6.4 174.545.8 180.0+8.3 1657449 <0.001 <0.001 0.40
Weight (kg) 90.0£10.6  67.8+6.6  74.8+13.8  56.5+£5.9 <0.001 <0.001 0.36
BMI (kg/m?) 25.5+2.0  223+22  23.1£39  20.6+2.0 <0.001 <0.01 0.86
BSA (m?) 2.2+0.2 1.8+0.1 1.9£0.2 1.6£0.1  <0.001 <0.001 0.37
SBP (mmHg) 138.2+19.7 134.1£13.2 118.4+17.8 114.4+13.1 0.33 <0.001 0.98
DBP (mmHg) 70.2+11.0  71.6+£9.9 71.3£8.2  73.9+12.0 0.45 0.53 0.81
HR (I/min) 67.2+£11.5 71.1+12.1  68.4+9.1  84.2+19.2 <0.01 <0.05 0.10

VO2/kg (mL/kg/min) 51.9+6.7 47.6+4.2 <0.05

Abbreviations: MA = male athlete; FA = female athlete; MC = male control; FC = female control; BMI = body mass
index; BSA = body surface area; SBP = systolic blood pressure; DBP = diastolic blood pressure, HR = heart rate,
VOa/kg = peak oxygen uptake
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4.2.2 Conventional 2D and Doppler echocardiographic data

Linear LV wall thickness and internal diameter measurements showed higher values in
athletes with a trivial gender difference as well. The ratio of mitral inflow velocities,
deceleration time, and E/e’ did not differ between groups. Mitral annular systolic
velocities were also similar. Left and right atrial volume indices were higher in athletes,
while the LA volume index was similar between genders. RV linear measurements
showed enlargement of the chamber in athletes compared to controls. Athletes had higher
TAPSE values than controls; on the other hand, FAC was significantly lower in athletes.
Tricuspid annular velocities did not differ between groups. RV myocardial performance
index values were higher in the athlete groups. RVFWLS was higher in females (Table
4).

Table 4: Conventional echocardiographic parameters of athlete and control groups
MA FA MC FC p for p for p for
(n=30) (n=30) (n=20) (n=20) gender  sport interaction
LVIDd (mm) 54.0+3.5 48339  47.8+45 434435 <0001 <0.001 0.47
IVSd (mm) 11.6+1.3  9.3+l.1 9.3+1.4 7.6+0.8  <0.001 <0.001 0.24
PWd (mm) 103+1.0  8.6+1.9 8.240.6 73+1.0  <0.001 <0.001 0.10

RWT (%) 0.41+0.05 0.37+0.05 0.36:0.08 0.34+0.05 0.08  <0.01 0.34

E/A  1.6+0.5 1.81+0.5 1.6+0.4 1.7+0.5 0.14 0.59 0.80

DT (ms) 182.3£59.5 172.9441.0 155.0£20.9 171.2429.6 0.62 0.18 0.24

E/e’ average 5.7+0.9 5.540.9 5.7£1.0 5.3£0.8 0.08 0.99 0.58

Mitral 'atera'a””‘(‘(':‘r‘;/; 101412 11116 11.6£1.0  11.1+26 085  0.35 0.33

Mitral medial annulus s’
(cm/s)

LAVi (ml/m?) 29.0+79 304498  19.1+7.7  16.5+50  0.74 <0.001 0.31

RAVi (ml/m?) 312466  25.8+7.6  21.149.0 152452 <001 <0.001 0.88

RV basal diameter (mm) 36.3+4.6 31.4+3.8 32.7£2.3 27.6+2.5 <0.001 <0.001 0.93
RV length (mm) 104.6+6.7 94.7+82  90.8+49  87.4+8.7 <0001 <0.001  <0.05

8.9£1.1 9.1£1.0 8.6£1.1 8.6+1.1 0.78 0.07 0.65

TAPSE (mm) 247+37 256427 239435  23.0+4.1 095  0.03 0.26

FAC (%) 447+49  47.0+63  504+6.1  54.6+58 <0.01 <0.001 0.41

Tricuspid annulus s’ (cm/s) 12.1£1.7 12.7£2.1 12.7£2.2 12.942.3 0.18 0.20 0.68
Tricuspid annulus e’ (cm/s) 14.1£2.5 14.242.8 14.243.1 16.3£3.1 0.08 0.08 0.11
RIMP 0.42+0.08 0.39+0.08 0.36+0.08 0.33+0.06 0.13  <0.001 0.85

RV septal LS (%) -243+44 -255+45 -240+47 -262+44 007  0.82 0.59
RVFWLS (%) -31.1+43  -30.5+3.8  -30.5+4.1  -33.4+39 <0.05  0.06 0.15

Abbreviations: MA = male athlete; FA = female athlete; MC = male control; FC = female control; LVIDd = left
ventricular diastolic internal diameter; IVSd = interventricular septum diastolic thickness; PWd = posterior wall
diastolic thickness; RWT = relative wall thickness; DT: deceleration time; LAVi = left atrial volume index; RAVi =
right atrial volume index; TAPSE = tricuspid annular plane systolic excursion; FAC = fractional area change; RIMP
= right ventricular myocardial performance index; LS: longitudinal strain; RVFWLS = right ventricular free wall
longitudinal strain
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4.2.3 3D echocardiographic data

As expected, athletes demonstrated increased LV and RV end-diastolic, end-systolic, and
stroke volume indices along with significantly higher LVMi. There was a significant
interaction between gender and athletic activity in the case of various LV and RV
morphological parameters (LVEDVi, LVESVi, LVSVi, RVEDVi, RVSVi). Post-hoc
analysis showed that gender has a significant impact on the degree of geometrical
remodeling: while there was no significant difference in ventricular volume indices
between the male and female control groups, male athletes demonstrated significantly
higher LV and RV volume indices compared to female athletes (all p<0.01). LV and also
RV EF were significantly lower compared to controls; however, it remained in the normal
range in every athlete. Males had significantly lower LV and RV EF, while SVi did not
differ between genders. Similarly, LV GLS and GCS were lower in athletes, and also in
males (Table 5).

Table 5: Basic 3D echocardiographic data of athlete and control groups

p for p for p for
gender sport interaction
LVEDVi (ml/m?) 93.5+11.1 79.9+6.5 62.9+7.4 64.4+8.9 <0.01 <0.001 <0.001
LVESVi (ml/m?)  39.549.0 33.545.1 24.14£3.6 23.1+4 .4 <0.001 <0.001 <0.01

LVSVi (ml/m?) 50.9+10.4 46.4+5.7 38.8+5.1 41.3+54 0.55 <0.001 <0.05
LVMi (g/m?) 103.2+14.9 89.7+8.4 62.1£6.7  64.8+12.9 <0.05 <0.001 <0.01
LVEF (%) 56.3+£3.0 58.1+5.5 61.7£3.3 64.0+£2.9 <0.05 <0.001 0.77

LV GLS (%) -18.9+1.7 -19.6+£1.9  -21.1£1.6  -22.5£1.5 <0.01 <0.001 0.28

LV GCS (%) -27.2+2.3 -28.4+3.9  -30.6+2.8  -32.0+2.6 <0.05 <0.001 0.89
RVEDVi (ml/m?)  94.3+9.8 81.1£8.9 65.848.3 64.2+10.9 <0.001 <0.001 <0.01
RVESVi (ml/m?)  42.9+6.3 35.2+6.6 26.5+£5.2 24.0+6.8 <0.001 <0.001 0.07
RVSVi (ml/m?)  51.445.6 46.0+4.6 39.4+4.9 40.2+5.5 0.05 <0.001 <0.01
RVEF (%) 54.6£3.6 56.9+4.9 59.6+4.4 62.5+4.9 <0.01 <0.001 0.75

Abbreviations: MA = male athlete; FA = female athlete; MC = male control; FC = female control; LVEDVi = left
ventricular end-diastolic index; LVESVi = left ventricular end-systolic volume index; LVSVi = left ventricular stroke
volume index; LVMi = left ventricular mass index; LVEF = left ventricular ejection fraction; LV GLS = left ventricular
global longitudinal strain; LV GCS = left ventricular global circumferential strain; RVEDVi = right ventricular end-
diastolic volume index; RVESVi = right ventricular end-systolic volume index; RVSVi = right ventricular stroke volume
index; RVEF = right ventricular ejection fraction

MA (n=30) FA (n=30) MC (n=20) FC (n=20)
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3D echocardiographic parameters of RV mechanics revealed significant differences
between the groups (Table 6). RV GLS was comparable between the pooled athlete
population and controls (-22+5 vs. -23+5 %, p=0.24). On the other hand, RV GCS was
significantly lower in athletes (-21+4 vs. -26+7 %, p<0.0001; Table 6). This functional
shift was even more prominent by examining the relative contribution of longitudinal and
radial motion to global function: LEF/RVEF was significantly higher, while REF/RVEF
was significantly lower in both athlete groups (Figure 12 and 13). REF/RVEF found to

be significantly lower in males compared to females.

LEF/RVEF REF/RVEF

0.6 | ' 0.6 *
‘ |
0.4 0.4
0.2 0.2
0 0
Athlete Control Athlete Control

Figure 12: The relative contribution of longitudinal (LEF/RVEF) and radial motion
(REF/RVEF) to global right ventricular function in the two study groups. In athletes, an
increased longitudinal contribution can be seen. On the other hand, the radial
contribution is significantly decreased compared to controls. Athletes n=60, controls
n=40; *p<0.05
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Table 6: 3D global and regional right ventricular deformation data of athlete and control
groups

p for p for p for

MA (n=30) FA (n=30) MC (n=20) FC (n=20) gender sport interaction

RV GLS (%) -21.744.4 -21.8+4.7 -20.9+4.1 -24.8+49 <0.05 0.25 0.06

RV free wall LS (%) -22.244.7 -22.4+4.0 -21.4+4.5 -26.245.0 <0.01 0.11 <0.05

RV septal LS (%) -22.2+4.8 -21.4+5.5 -202+47 -23.5+6.5  0.25 0.98 0.07

RV free wall basal LS (%) -16.5+6.7 -16.3+5.7 -18.4+42 -24.0+8.1 <0.001 <0.05 <0.05
RV free wall mid LS (%) -30.9+7.6 -31.2+5.4 -29.6+6.8 -36.9+7.8  <0.01 0.16 <0.05
RV free wall apical LS (%) -19.4+6.9 -19.4+6.3 -164+55 -17.8+7.3 0.58 0.09 0.62

RV GCS (%) -20.6+4.4 -21.6+4.2 -24.7+4.0 -27.5+8.4 0.10 <0.001 0.41

RV free wall CS (%) -22.544.7 -25.0+5.6 -29.3£5.2 -33.448.0 <0.01 <0.001 0.49

RV septal CS (%) -20.145.9 -21.1+4.6 -21.044.8 -23.149.6  0.36 0.41 0.49

RV free wall basal CS (%) -21.7+6.6 -24.0+8.4 -29.7+6.0 -32.6+8.7 0.09 <0.001 0.85
RV free wall mid CS (%) -23.6+4.4 -26.4+54 -30.3+52 -35.0£7.5 <0.01 <0.001 0.41
RV free wall apical CS (%) -22.2+4.6 -24.4+53 -27.846.0 -32.4+48.7 <0.01 <0.001 0.32

RV early diastolic SR (1/s) 0.29+0.07 0.28+0.06 0.24+0.04 0.30+0.08 0.47 0.10 <0.05
RV LEF (%) 27.5+4.9 27.3449 258+5.3 25.9+6.6 0.94 0.17 0.88
RV REF (%) 16.7+3.7 19.2+5.7 25.8452 29.8+7.6 <0.01 <0.001 0.49
RV AEF (%) 24.7+44 25.6+4.5 25.0+£5.1 27.9+5.1 0.05 0.19 0.31

LEF/RVEF 0.52+0.07 0.49+0.07 0.43+£0.07 0.41+0.08 0.16 <0.001 0.98
REF/RVEF 0.31£0.06 0.34+0.09 0.43+£0.07 0.47+0.09  <0.05 <0.001 0.72
AEF/RVEF 0.46+0.07 0.46+0.07 0.42+0.08 0.45+0.08 0.28 0.05 0.36

Abbreviations: MA = male athlete; FA = female athlete; MC = male control; FC = female control; RV GLS = right
ventricular global longitudinal strain; RV free wall LS = right ventricular free wall longitudinal strain; RV septal LS
= right ventricular septal longitudinal strain; RV free wall basal LS = Right ventricular free wall basal longitudinal
strain; RV free wall mid LS = Right ventricular free wall mid longitudinal strain; RV free wall apical LS = Right
ventricular free wall apical longitudinal strain; GCS = global circumferential strain; RV free wall CS = right
ventricular free wall circumferential strain; RV septal CS = right ventricular septal circumferential strain; RV free
wall basal CS = Right ventricular free wall basal circumferential strain; RV free wall mid CS = Right ventricular free
wall mid circumferential strain; RV free wall apical CS = Right ventricular free wall apical circumferential strain; RV
early diastolic SR = right ventricular early diastolic global longitudinal strain rate; LEF = longitudinal ejection
fraction; REF = radial ejection fraction; AEF = anteroposterior ejection fraction
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Right ventricle of a healthy sedentary volunteer

Total function Radial only Longitudinal only

Right ventricle of an elite water polo athlete

o

Total function Radial only Longitudinal only
Figure 13: Representative cases of a healthy sedentary volunteer and a water polo
athlete. Green mesh represents end-diastolic volume, and the blue surface is the end-
systolic volume with all motion directions enabled. By decomposing the motion of the
three-dimensional right ventricular model, the different anatomically relevant wall
motion directions can be separately quantified. The yellow surface represents the volume
loss at end-systole generated by only the radial motion. The orange surface represents
the volume loss at end-systole generated by only the longitudinal motion. In the healthy
subject, the longitudinal and radial motion roughly equally contributes to global RV
function (LEF/RVEF: 0.46; REF/RVEF: 0.48; RVEF: 63%). In the athlete, the relative
contribution of right ventricular longitudinal motion is higher; however, a decreased
radial motion is also present (LEF/RVEF: 0.54; REF/RVEF: 0.25; RVEF: 57%).
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Moreover, the degree of this functional shift showed correlation with VO2/kg (Table 7).
Morphological parameters, such as LVEDVi and RVEDVi, also correlated with CPET-
derived VO2/kg, while no other LV or RV parameter showed a relationship with exercise

capacity (Table 7).

Table 7: Correlations between VO./kg and LV and RV morphological and functional
parameters. Pearson or Spearman correlation test, n=60.

r value p value
LVEDVi 0.32 0.02
LVEF -0.09 0.51
LV GLS -0.01 0.93
LV GCS -0.11 0.43
RVEDVi 0.37 <0.01
RVEF -0.11 0.43
RV GLS 0.11 0.43
RV GCS -0.19 0.17
LEF 0.20 0.13
REF -0.26 0.04
LEF/RVEF 0.30 0.02
REF/RVEF -0.27 0.04

Abbreviations: LVEDVi = left ventricular end-diastolic volume index; LVEF = left
ventricular ejection fraction; LV GLS = left ventricular global longitudinal strain; LV
GCS = left ventricular global circumferential strain; RVEDVi = right ventricular end-
diastolic volume index; RVEF = right ventricular ejection fraction; RV GLS = right
ventricular global longitudinal strain; RV GCS = right ventricular global circumferential
strain; LEF = longitudinal ejection fraction; REF = radial ejection fraction

3D regional analysis of RV deformation parameters was also applied. In female athletes,
free wall LS was significantly lower compared to the corresponding control group
(p<0.01). RV free wall CS was lower in athletes and in males as well (Table 6). Septal
LS and CS were not significantly different among groups. On the other hand, LS of the
free wall basal region showed a significant decrease, predominantly in female athletes
(p<0.001), while there was no difference in the apical region. Free wall basal, mid and
apical CS were all lower in athletes, without significant interaction between gender and
sport. There was a significant interaction between gender and athletic activity in terms of

early diastolic SR showing significantly better diastolic function in male athletes

56



compared to male controls (p<0.05). No regional or diastolic parameters showed a
correlation with exercise capacity.
Intra- and interobserver variability demonstrated good reproducibility of the key RV

deformation parameters (Table 15).

4.3 Unfolding the relationship between left atrial morphology and function and

exercise capacity in elite athletes

4.3.1 Basic demographic and morphometric data

The mean age of our athletes was 20 years. They have been participating in competitive
sport for 11£5 years, with a current average training of 18+7 hours per week. Athletes
had significantly higher BSA and lower resting diastolic blood pressure and resting HR
compared to controls (Table 8).

Table 8: Baseline characteristics of athlete and control groups

Athlete (n=138) Control (n=50) p value

Age (years) 19.6+4.3 19.94+2.8 0.66

Female (n) 53 20 0.84
BSA (m?) 2.00+0.20 1.78+0.24 <0.001

SBP (mmHg) 136.1%16.7 128.4+13.7 0.29
DBP (mmHg) 73.5+10.1 79.6+12.4 <0.001
HR (1/min) 68.0+11.7 83.2+16.2 <0.001

VO2/kg (mL/kg/min) 52.246.7

Abbreviations: BSA = body surface area; SBP = systolic blood pressure; DBP = diastolic blood pressure; HR = heart
rate; VO2/kg = peak oxygen uptake

4.3.2 Basic 2D echocardiographic data

Left ventricular end-diastolic diameter, wall thicknesses, and relative wall thickness were
significantly higher in athletes compared to controls. Conventional measures of LA
morphology, such as anteroposterior diameter, LA area, and 2D LA volume index, were
significantly higher in athletes, and similar changes were observed in right atrial area and
volume index as well. 25% of our athletes exceeded the upper limit of 2D LAVi (>34
mL/m2), as suggested by most recent guidelines. Athletes demonstrated lower transmitral
E and A wave velocities along with significantly higher E/A ratio and also longer
deceleration time. The control group demonstrated significantly higher tissue Doppler
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Imaging-derived mitral lateral, and also medial e’ and a’ velocities, however, E/e’ ratio

did not differ between the two groups (Table 9).

Table 9: Conventional echocardiographic parameters of athlete and control groups

Athlete (n=138) Control (n=50) p value
LVIDd (mm) 51.9+4.2 46.7+4.2 <0.001
IVSd (mm) 10.3+1.6 8.7+1.2 <0.001
PWd (mm) 9.2+1.2 7.6+1.2 <0.001
RWT (%) 0.38+0.05 0.35+0.05 <0.001
LA diameter (mm) 37.2+4.4 31.5+4.5 <0.001
LA area (cm?) 19.3+4.0 14,9434 <0.001
2D LAVi (ml/m?) 29.4+8.6 23.049.3 <0.001
RA area (cm?) 18.1+3.8 14.243.5 <0.001
2D RAVmax (ml/m2) 27.9+7.6 21.5+8.1 <0.001
Transmitral E wave (cm/s) 82.5£15.5 92.8+20.1 <0.001
Transmitral A wave (cm/s) 51.7+12.6 64.7+14.9 <0.001
E/A 1.67+0.47 1.51+0.45 <0.05
DT (ms) 179.6+42.4 163.9429.7 <0.05
E/e’ average 5.70+1.20 5.61+1.57 0.98
Mitral lateral annulus s’ (cm/s) 11.2+23 11.8+2.1 <0.05
Mitral lateral annulus e’ (cm/s) 17.2+£3.1 18.6+3.5 <0.01
Mitral lateral annulus a’ (cm/s) 6.7+2.1 7.6+1.7 <0.01
Mitral medial annulus s’ (cm/s) 8.9+1.3 9.1+1.3 0.34
Mitral medial annulus e’ (cm/s) 12.5+2.2 14.2+2.4 <0.001
Mitral medial annulus a’ (cm/s) 6.9£1.6 7.3£1.6 <0.05

Abbreviations: LVIDd = left ventricular end-diastolic diameter; IVSd = interventricular septal thickness; PWd =
posterior wall thickness; RWT = relative wall thickness; LA diameter: left atrial diameter; LA area: left atrial area;
LAVi = left atrial volume index; RA area: right atrial volume index; RAVmax = right atrial volume index DT:

deceleration time
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4.3.3 3D echocardiographic data

Athletes demonstrated significantly higher 3D LV volumes and LVMi compared to
controls. Functional measures of the LV, such as LV EF, GLS, and GCS, were
significantly lower in athletes. Similarly to the morphological changes of the LV, LA
dilation was seen in athletes with significantly higher 3D LAVi, Vmin, preAV, total
emptying volume index, and true conduit volume. LAEF and LA active EF was
significantly lower in the athlete group. LA passive EF did not differ between groups;
however, it showed a tendency towards lower values in athletes (Figure 14, Table 10).
Athletes demonstrated lower 3D LAGLS as well. Similarly to the LV, 3D RV volumes
were significantly higher in athletes along with lower RVEF; however, RVFWLS was
comparable between the athletes and controls (Table 10).

3D LAVi LAEF
F
% |
a0 L | 70
30 60
:.E 20 ES
£ 50
10
0 40
Athlete Control Athlete Control
LA passive EF LA active EF
*
60 L |
a0
40 30
R xR
20
20
10
0 0
Athlete Control Athlete Control

Figure 14: Comparison of left atrial (LA) morphology and function in athletes and
controls. *: p<0.05; LAVi = left atrial maximal volume index; LAEF = left atrial total
emptying fraction; LA passive EF = left atrial passive emptying fraction; LA active EF =
left atrial active emptying fraction
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Table 10: 3D echocardiographic data of athlete and control groups

Athlete (n=138) Control (n=50) p value
LVEDVi (mL/m2) 85.4+12.4 62.0+10.3 <0.001
LVESVi (mL/m?) 37.34£6.9 23.9453 <0.001
LVSVi (mL/m?) 48.0+7.3 38.146.3 <0.001
LVMi (g/m?) 94.9+14.4 68.9+11.7 <0.001
LVEF (%) 56.3+4.2 61.6+4.3 <0.001
LVGLS (%) -18.8+1.9 -21.5%1.6 <0.001
LVGCS (%) 274429 29.9+9.0 <0.01
LAVi (mL/m?) 32.0£5.8 26.3+7.7 <0.001
LAVmin (mL/m?) 13.5+3.2 9.6+3.6 <0.001
LA total emptying volume index 18.6+3.7 16.8+4.9 <0.05
LApreAV (ml/m?) 17.84+4.3 14.0+4.9 <0.001
LAEF (%) 58.1+6.2 64.2+5.7 <0.001
LA active EF (%) 24.1+9.5 32.0+£9.6 <0.001
LA passive EF (%) 44.6+7.6 46.9+8.0 0.07
LA true conduit volume (mL/m?) 29.4+6.3 21.3+8.7 <0.01
LAGLS (%) 322473 38.5+7.4 <0.001
RVEDVi (ml/m?) 88.2+13.8 63.5+11.9 <0.001
RVESVi (ml/m2) 40.6+9.1 26.146.4 <0.001
RVSVi (ml/m?) 47.7+6.4 37.7£6.9 <0.001
RVEF (%) 54.3+4.8 56.246.9 <0.001
RVFWLS (%) 29.147.4 -30.6+4.6 0.22

Abbreviations: LVEDVi = left ventricular end-diastolic index; LVESVi = left ventricular end-systolic volume index;
LVSVi = left ventricular stroke volume index; LVMi = left ventricular mass index; LVEF = left ventricular ejection
fraction; LVGLS = left ventricular global longitudinal strain; LVGCS = left ventricular global circumferential strain;
LAVi: left atrial maximal volume index; LAVmin: left atrial minimal volume index; LApreAV: left atrial pre-A wave
volume index; LAEF: left atrial total emptying fraction; LA active EF = left atrial active emptying fraction; LA passive
EF = left atrial passive emptying fraction; LA true conduit volume: left atrial true conduit volume; LAGLS: left atrial
global longitudinal strain; RVEDVi = right ventricular end-diastolic volume index; RVESVi = right ventricular end-
systolic volume index; RVSVi = right ventricular stroke volume index; RVEF = right ventricular ejection fraction;
RVFWLS: right ventricular free wall longitudinal strain

Comparison of 3D echocardiographic data in female and male athletes are shown in Table
11. Male athletes had significantly higher 3D LV volume indices and LVMi. On the other
hand, LV EF was significantly lower in male athletes, and LV GLS and GCS were also
lower compared to female athletes. In contrast with the LV volumetric adaptation, 3D
LAVi and Vmin did not differ between genders. Interestingly, however, LA functional
differences were present with significantly higher 3D LAEF and LAGLS in females,
resulting in a higher total emptying volume index as well. Male athletes demonstrated
significantly higher RV volumes along with lower RVEF compared to females, while
RVFWLS did not differ between genders (Table 11).
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Table 11: Comparison of 3D echocardiographic data in female and male athletes

Male athlete (n=85) Female athlete (n=53) p value
LVEDVi (mL/m?) 89.0+13.1 79.7+8.3 <0.001
LVESVi (mL/m?) 39.746.8 33.6+5.3 <0.001
LVSVi (mL/m?) 49.3+7.8 46.1£5.9 <0.05
LVMi (g/m?) 98.7x15.6 88.9+9.5 <0.001
LVEF (%) 55.4+3.5 57.9+4.7 <0.01
LVGLS (%) -18.3£1.8 -19.4£1.9 <0.001
LVGCS (%) -26.9+2.4 -28.143.4 <0.05
LAVi (mL/m?) 31.5+5.9 32.9+5.4 0.18
LAVmin (mL/m?) 13.5+3.3 13.3+3.2 0.73
LA total emptying volume index 18.043 6 195437 <005
(mL/m?)
LApreAV (ml/m?) 17.8+4.6 17.843.8 0.91
LAEF (%) 57.245.7 59.5+6.7 <0.05
LA active EF (%) 23.249.9 25.4+8.7 0.20
LA true conduit volume (mL/m?) 31.2+6.3 26.6+5.4 <0.001
LA passive EF (%) 44.0+7.4 45.6+7.8 0.24
LAGLS (%) 31.0£6.6 34.3+7.8 <0.01
RVEDVi (ml/m?) 92.9+13.7 80.8+10.2 <0.001
RVESVi (ml/m?) 43.849.0 35.546.8 <0.001
RVSVi (ml/m?) 49.1+6.6 45.5+5.6 <0.01
RVEF (%) 53.1+4.2 56.3£5.0 <0.001
RVFWLS (%) -28.1£6.9 -30.6+4.0 0.07

Abbreviations: LVEDVi = left ventricular end-diastolic index; LVESVi = left ventricular end-systolic volume index;
LVSVi = left ventricular stroke volume index; LVMi = left ventricular mass index; LVEF = left ventricular ejection
fraction; LVGLS = left ventricular global longitudinal strain; LVGCS = left ventricular global circumferential strain;
LAVi: left atrial maximal volume index; LAVmin: left atrial minimal volume index; LApreAV: left atrial pre-A wave
volume index; LAEF: left atrial total emptying fraction; LA active EF = left atrial active emptying fraction; LA passive
EF = left atrial passive emptying fraction; LAGLS: left atrial global longitudinal strain; RVEDVi = right ventricular
end-diastolic volume index; RVESVi = right ventricular end-systolic volume index; RVSVi = right ventricular stroke
volume index; RVEF = right ventricular ejection fraction; RVFWLS: right ventricular free wall longitudinal strain

Univariate correlations between 3D echocardiography-derived parameters and VO/kg in
athletes are summarized in Table 10. 3D LAVi showed weak, but significant positive
correlation with age, LVEDVi, LVMi, and RVEDVi. Higher LAEF and LA active EF
were weakly associated with higher LV GLS (higher deformation), higher RVEF, and
also with higher RVFWLS (better deformation), while LA active EF showed a weak, but
significant relationship with LVEF. LA passive EF showed a weak inverse correlation
with age. While 2D LA measurements did not show any relationship with VO2/kg, several
3D LA, LV and RV parameters had weak, but significant correlation with exercise
performance: higher LVEDVi, LVMi, LAVI, and RVEDVi were associated with better
VOq/kg, as were lower resting functional parameters, such as LVEF, LVGLS, LAEF, LA
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passive EF and RVEF (Table 12). We found no correlation between LA size and LA
functional parameters in athletes.

Table 12: Univariate correlation analysis in athletes

LAVi LAEF LA active EF LA passive EF VO2/kg
Age r=0.25 r=-0.13 r=0.06 r=-0.22 r=-0.02
p<0.01 p=0.12 p=0.49 p<0.01 p=0.85
LVEDVi r=0.51 r=-0.06 r=0.02 r=-0.07 r=0.33
p<0.001 p=0.48 p=0.79 p=0.43 p<0.001
LVMi r=0.39 r=-0.08 r=-0.04 r=-0.06 r=0.23
p<0.001 p=0.31 p=0.61 p=0.50 p<0.01
LVEF r=0.07 r=0.31 r=0.23 r=0.13 r=-0.24
p=0.41 p<0.001 p<0.01 p=0.12 p<0.01
LVGLS r=-0.02 r=-0.29 r=-0.23 r=-0.13 r=0.30
p=0.78 p<0.001 p<0.01 p=0.13 p<0.001
RVEDVi r=0.35 r=-0.04 r=0.05 r=-0.09 r=0.38
p<0.001 p=0.64 p=0.56 p=0.31 p<0.001
RVEF r=0.067 r=0.27 r=0.14 r=0.20 r=-0.24
p=0.45 p<0.01 p=0.13 p<0.05 p<0.01
RVFWLS r=-0.12 r=-0.23 r=-0.07 r=-0.21 r=0.03
p=0.22 p<0.05 r=0.48 p<0.05 p=0.98
VO2/kg r=0.25 r=-0.23 r=0.01 r=-0.24
p<0.01 p<0.01 p=0.99 p<0.01

Abbreviations: LAVi: left atrial maximal volume index; LAEF: left atrial total emptying fraction; LA active EF = left
atrial active emptying fraction; LA passive EF = left atrial passive emptying fraction; VO2/kg: peak oxygen uptake;
LVEDVi = left ventricular end-diastolic index; LVMi = left ventricular mass index; LVEF = left ventricular ejection
fraction; LVGLS = left ventricular global longitudinal strain; RVEDVi = right ventricular end-diastolic volume index;
RVEF = right ventricular ejection fraction; RVFWLS: right ventricular free wall longitudinal strain

Multiple linear regression models were built to identify independent predictors of VO/kg
in the athlete group. In the first model (Table 13), 3D LV and LA morphological and
functional parameters, such as 3D LAVi, LAEF, LA active EF, LA passive EF, LVEDVi,
LVMi, LVEF, LVGLS and LVGCS along with basic demographic and morphometric
data (age, gender, BSA) and HR were included in the analysis. According to our results,
gender, 3D LAVI, LA passive EF, LVGLS, HR, and BSA were independent predictors
of exercise capacity, with an adjusted R? value of 0.506 (p<0.0001). Male gender was

associated with better exercise performance.
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Table 13: Multivariate linear regression analysis: independent predictors of VO2/kg

Covariate B p value
Age -0.002 0.979
Gender -0.741 <0.001
LAVi 0.364 <0.001
LAEF 0.012 0.880
LA True EF 0.034 0.621
LA Passive EF -0.170 0.03
LVEDVi -0.047 0.569
LVEF 0.027 0.758
LVMi -0.054 0.480
LVGLS 0.212 0.001
LVGCS -0.018 0.809
BSA -0.453 <0.001
HR 0.157 0.04
Cumulative R% 0.506
Standard error: 4.72%
Cumulative p: <0.0000001

Abbreviations: LAVi: left atrial maximal volume index; LAEF: left atrial total emptying
fraction; LA active EF = left atrial active emptying fraction; LA passive EF = left atrial
passive emptying fraction; LVEDVi: left ventricular end-diastolic volume index, LVEF:
left ventricular ejection fraction, LVMi: left ventricular mass index; LVGLS: left
ventricular global longitudinal strain; LVGCS: left ventricular global circumferential

strain; BSA: body surface area; HR: heart rate

In the second model, 3D RV parameters (RVEDVi, RVFWLS) replaced two non-

significant predictors of the previous analysis (Table 14). In this case, gender, LAVi, LA
passive EF, LVGLS, HR and BSA, and also RVEDVi and RVFWLS were independent
predictors of VO/kg with further improvement of the model (adjusted R? value of 0.592,

p<0.0001).
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Table 14: Multivariate linear regression analysis: independent predictors of VO2/kg

Covariate B p value
Age 0.096 0.162
Gender -0.828 <0.001
LAVi 0.222 <0.01
LA True EF 0.128 0.058
LA Passive EF -0.190 <0.01
LVEDVi 0.115 0.431
LVMi -0.054 0.611
LVGLS 0.389 <0.001
LVGCS 0.055 0.42
RVEDVi 0.272 <0.01
RVFWLS -0.133 <0.05
BSA -0.671 <0.001
HR 0.268 <0.001
Cumulative R% 0.591
Standard error: 4.25%
Cumulative p: <0.0000001

Abbreviations: LAVi: left atrial maximal volume index; LA active EF = left atrial active
emptying fraction; LA passive EF = left atrial passive emptying fraction; LVEDVi: left
ventricular end-diastolic volume index, LVMi: left ventricular mass index; LVGLS: left
ventricular global longitudinal strain; RVEDVi: right ventricular end-diastolic
volume; RVFWLS: right ventricular free wall longitudinal strain; BSA: body surface
area; HR: heart rate
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4.4 Intra- and interobserver variability
Intra- and interobserver variability of the key parameters in our experimental and human
studies demonstrated appropriate reproducibility, which corresponds to available

literature data (Table 15).

Table 15: Intra- and interobserver variability of key parameters in our studies

Intraobserver variability, ICC Interobserver variability, ICC
GLS! 0.917 0.917
LSr! 0.973 0.970
GCs! 0.942 0.936
csrt 0.974 0.961
RVEDV? 0.929 0.868
RVESV? 0.951 0.914
T
e o s
LAViS 0.970 0.961
LAVmin3 0.974 0.976
LApreAV? 0.974 0.882

Abbreviations:ICC = intraclass correlation; GLS = global longitudinal strain; GCS = global circumferential strain;
RVEDV = right ventricular end-diastolic volume; RVESV = right ventricular end-systolic volume; LAVi = left atrial
maximal volume index; LAVmin = left atrial minimal volume index; LApreAV = left atrial pre-A wave volume index

1. Characterization of the dynamic changes in left ventricular morphology and function induced by exercise training
and detraining in a rat model of athlete’s heart 2 Assessment of the exercise-induced shift in right ventricular
contraction pattern : Unfolding the relationship between left atrial morphology and function and exercise capacity in
elite athletes
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5. DISCUSSION

5.1 Characterization of the dynamic changes in left ventricular morphology and

function induced by exercise training and detraining

Our first study aimed to provide a detailed characterization of LV morphological and
functional changes induced by long-term, intense exercise training and detraining in a
rodent model using consecutive evaluation by advanced echocardiography. According to
our data, LV hypertrophic response was observed even after 4 weeks of exercise training,
and during the remaining weeks of the training period, further development of ventricular
hypertrophy could be observed. Following the cessation of swim training, wall thickness
and LV mass values showed complete morphological regression after a short period of
2 weeks. Regarding functional measures, STE-derived strain values demonstrated similar
dynamic changes of myocardial deformation. As a gold standard measurement of
myocardial contractility, invasive LV pressure-volume quantification was used to
confirm training-induced systolic enhancement and its reversibility.

Swim-training—a prototype of dynamic, aerobic sports—has been proposed as a stimulus
leading to eccentric LV hypertrophy according to the dichotomous concept of
Morganroth (18). However, increased RWT values and unaltered end-diastolic
dimensions suggest that concentric hypertrophy has been developed by long-term swim
training in our animals. Our data might show similarity with previous research enrolling
sedentary young subjects after intensive endurance training, showing a biphasic response
with an initial concentric hypertrophy in the first six-month-long period, while LV
dilation may occur only in the case of long-term maintained exercise (63). Along with
similar HR values during anesthesia, end-diastolic chamber sizes did not differ between
the control and exercised groups, while end-systolic dimensions were markedly decreased
after exercise training. In addition to the heterogeneous response of the myocardial
structure to exercise training (25), the role of differences in scale of cardiac dimensions
and HR between rodents and humans could not be excluded.

The cessation of regular exercise (detraining) in athletes leads to the reversion of
cardiovascular adaptation. This phenomenon can be used to aid the differential diagnosis

between athlete's heart and primary forms of pathological hypertrophy (116). The
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majority of data in this field focuses on the morphological aspects of reverse remodeling.
Previous echocardiographic studies in small animals showed rapid changes (within 2-4
weeks) in response to deconditioning (117), and clinical studies also confirm a similar
nature of reverse remodeling in humans (61). Consistently, the consecutive data of wall
thickness and LV mass values showed complete morphological regression after 2 weeks
of cessation of swim training. These results suggest a rapid reversion of training-induced
myocardial growth after discontinuation of biomechanical stress caused by exercise
sessions. The exercise-induced cavity dimensions also regressed to control values after
the detraining period, however, with a slight delay compared to the alterations in
myocardial mass. This complete regression after deconditioning was demonstrated in
most of the healthy individuals participating in different sports (105). The development
and regression of physiological hypertrophy was also underlined by histological analysis
in accordance with the previous results of our research group (110). While the increased
cardiac mass is a clear and essential feature of exercise-induced cardiovascular
adaptation, the follow-up of training-induced alterations in LV myocardial function are
still ambiguous. Considering that myocardial contractility is a major determinant of LV
function, in the last decades, efforts have been made to describe myocardial inotropy in
vivo, which led to the development of novel invasive methods (118). Particular attention
has been paid to exercise-induced physiological hypertrophy because this state is
associated with “supernormal” myocardial contractility. This remarkable attribution has
been observed in both in vitro (isolated cardiomyocyte, papillary muscle) and in vivo
experimental investigations with the development of different techniques (119,120). Our
hemodynamic data, utilizing load-independent parameters (ESPVR, PRSW), underpin
the “supernormal” contractility in our animals after completing a 12-week-long training
plan and indicate total reversion after the detraining period. Although these parameters
can describe myocardial inotropy in detail, pressure-volume analysis requires the
sacrifice of experimental animals; thus, this method cannot be applied in longitudinal
experimental sports cardiology projects. Novel methods of cardiovascular imaging, such
as STE-derived strain values may serve as a reliable non-invasive markers of LV
contractility and overcome this fundamental methodological limitation of experimental

sports cardiology.
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We have observed enhanced deformation parameters in response to regular training while
detraining resulted in regression of the increased GLS and GCS similarly in nature with
the morphological remodeling. Therefore, in the current animal experiments, strain and
strain rate parameters were able to demonstrate the supernormal systolic function of the
LV in the context of exercise-induced hypertrophy. Our previous study has shown that
these parameters correlate well with the gold standard pressure-volume analysis-derived
measurements of cardiac contractility, highlighting the usefulness of STE-derived
deformation parameters in this setting (113). Of note, our rat model of an athlete's heart
Is characterized by a concentric type of LV hypertrophy, and the lack of the
abovementioned prominent LV dilation may have prevented the “pseudonormalisation”
or even decrease of strain parameters, which are frequently reported in the literature and
also observed in our human studies (37).

The dynamic nature of the development and regression in LV structural versus functional
remodeling is of pivotal interest. Since the regression of LV morphological remodeling
(hypertrophy) is a principal feature of an athlete's heart, used even in clinical decision-
making (105), the potential presence of an instant reversal of the characteristic functional
changes may hold additive value.

Previous longitudinal human studies examining LV functional changes of the athlete’s
heart reported a constant gain of function during the training period as assessed by LVEF
and/or GLS (63,65). However, the drop back to the control level in systolic function
seems to be a much more instant phenomenon after the cessation of training.
Development dynamics of athlete's heart are far better investigated compared to its
reversibility. In line with our results, even the first publications suggested quite an instant
drop in morphological characteristics (61,121). Thus, the time until the development of
athlete's heart markedly exceeds the time until its complete morphological and functional
regression. Our study is the first to characterize the effects of detraining on LV myocardial
mechanics, confirming an instantaneous normalization of systolic deformation. The
experiments with a prompt cessation of training may refer to a real-life scenario, where
the athlete is forced to stop exercise, i.e., due to an injury.

STE-derived deformation parameters show an immediate reduction in response to
deconditioning in previously exercised animals, which is more instant compared to

conventional echocardiographic measurements of systolic function. This phenomenon
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may provide another useful aspect of reversibility, which may support an early differential
diagnosis between an athlete's heart and pathological cardiac hypertrophy in doubtful

situations.

5.2 Assessment of the exercise-induced shift in right ventricular contraction pattern

In our second study, we aimed to characterize RV morphological and functional changes
in response to long-term, intense exercise training in a group of elite water polo athletes.
According to our results, typical features of RV mechanics include a functional shift
compared to healthy, non-trained controls: the relative contribution of longitudinal
motion to global function is increased, while the radial shortening is significantly
decreased in athletes. Moreover, this functional pattern correlated with aerobic exercise
performance measured by CPET.

Our water polo athletes showed significant RV morphological remodeling, as expected.
Compared to the conventional RV linear dimensions, 3D volumetric assessment
demonstrated more pronounced RV dilation in athletes. Still, from a purely clinical view,
quantification of RV volumes holds low diagnostic value: along with the morphological
changes of the athlete’s heart, slightly reduced RV function measured by fractional area
change (FAC) or 3D RV EF are often present as well; therefore, a considerable group of
athletes fulfill the Task Force criteria of ARVC (45). These similarities hamper a
confident distinction of athlete’s heart and pathological conditions but also showing the
need for detailed functional characterization, which may offer more specific and sensitive
markers in order to differentiate these entities.

Despite the notable amount of circumferentially oriented myofibers in the subepicardial
layer of the RV myocardium, data are scarce about the non-longitudinal function of the
chamber (122). The complex RV contraction pattern incorporates movements along two
other anatomical axes: the radial motion of free wall often referred to as the “bellows
effect,” and anteroposterior shortening of the chamber by stretching of the free wall over
the septum (6). The latter mechanism is significantly affected by the LV function via the
interventricular septum, which highlights the role of the LV in RV function through

ventricular interdependence (123). Our results comprise a functional shift in RV function
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with an increased contribution of longitudinal function and a decreased importance of the
free wall radial motion.

There are several underlying factors that may explain the presence of this functional shift.
As previously mentioned, repetitive, vigorous exercise bouts are associated with marked
hemodynamic demands, which results in a disproportionate hemodynamic load compared
to the LV (84). Beyond the volume overload associated with significantly increased CO,
during intense exercise, elevated RV pressures also develop, which may act as important
promoting factors of RV functional remodeling (41).

In pathological states, volume and pressure overload of the RV displays distinct
mechanical responses. In patients with isolated RV volume overload, such as by the
consequence of atrial septal defect, it has been shown that increased preload results in
higher TAPSE and RV GLS along with similar FAC (partly incorporating the radial
motion), which may point at a higher contribution of longitudinal shortening to global
function (124-126). Similarly, previous studies with endurance athletes also showed
increased tricuspid annular kinetics (44). In parallel with the controversial findings of LV
deformation imaging, the vast majority of studies found similar (48), or slightly higher
RV GLS in athletes (44,127), however, decreased resting RV longitudinal function was
also reported (128). Beyond methodological differences, this inconsistent data is mainly
attributable to the heterogeneity of the athletes investigated.

In patients with RV pressure overload, such as primary pulmonary hypertension or
chronic thromboembolic pulmonary hypertension, the loss of radial function may be a
more sensitive and earlier marker of RV dysfunction (129). Impairment in longitudinal
RV function may also appear with the progression of the disease; nevertheless, it may be
not sensitive enough for diagnosis and to predict survival (130,131). According to our
results, in athletes of mixed exercise nature the RV mechanics shares the features of both
volume overload (with the increased relative contribution of longitudinal shortening) and
pressure overload (decreased radial shortening). In our population of healthy young
athletes, this functional shift has to be perceived as a physiological adaptation to regular,
intense exercise. Evidence suggests that exercise-induced RV dysfunction develops by
the varying contribution of the individual susceptibility and the hemodynamic overload
of intense training (41,85). Sensitive imaging markers are still lacking to screen for

athletes at risk and also for the monitoring of exercise-induced changes.
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Exercise adaptation is also associated with changes in the autonomic nervous system with
a higher parasympathetic tone (132). The RV is densely innervated by autonomic fibers,
and the altered neural regulation may also affect ventricular function (133). The revealed
gender differences may also be consequences of the significantly higher resting HR of
females. Higher HR was shown to be independently associated with higher LV
longitudinal deformation in a pooled population of athletes and controls (27). Considering
that the frequency-dependent inotropy (Bowditch phenomenon) applies to the RV as well,
it may result in higher deformation values in females. Concomitant remodeling of the LV
may also play a role in the functional shift: LV contraction significantly contributes to
RV function, which can also be altered by the marked morphological and functional
adaptation of the ventricles (134). Previous studies suggest that RV diastolic mechanics
may also play an important role in cardiac performance (135). In our study, male athletes
demonstrated higher resting early diastolic SR compared to the corresponding control
group, which reserve capacity may also be beneficial during exercise.

Important gender differences were also noted: in our study, male athletes developed
significantly higher ventricular volumes compared to female athletes; however, global
RV function underwent the same mechanical shift in both genders. Interestingly, despite
the supernormal relative contribution of longitudinal motion to global RV function,
females demonstrate a marked decrease in longitudinal deformation, especially at the
basal level of the free wall. This result corresponds to several previous papers where the
importance of the basal free wall segment was highlighted (135,136) but also showing
worrisome similarity with the RV longitudinal contraction pattern reported in subclinical
ARVC mutation carriers (100).

Interestingly, this unique RV functional pattern of the athlete’s heart showed a correlation
with exercise capacity measured by CPET. Similarly to previous findings, we found a
linear relationship between LV and RV volumes and VO./kg (72,137). EF or other
functional parameters of each ventricle failed to show any correlation with peak oxygen
uptake. On the other hand, there was a significant correlation between REF/RVEF,
LEF/RVEF, and VO2/kg, indicating that the degree of this mechanical shift may be related
to peak exercise capacity pointing at a continuum of training level and functional

alterations seen even during resting conditions. Therefore, the increased relative
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contribution of RV longitudinal function along with a decreased radial motion may be an

important marker of athlete’s heart.

5.3 Unfolding the relationship between left atrial morphology and function and
exercise capacity in elite athletes

In our third study, we found a prominent LA enlargement with lower resting atrial
function with considerable differences between genders. 3D LA and LV morphology and
function showed correlation with VO2/kg; moreover, using multivariate linear regression,
LAVi and LA passive EF were independent predictors of peak exercise capacity.

Atrial remodeling in athletes represents a dynamic adaptation to the hemodynamic load
associated with exercise training. Beyond volume overload, increased CO during exercise
is also associated with increased LV filling pressures; therefore, the LA is also a subject
of pressure overload (15,40).

In order to cope with these hemodynamic demands, the LA undergoes a complex
morphological and functional remodeling. Moreover, resting bradycardia in athletes
shifts the diastolic filling of the LV even more towards the early period (38). All these
changes refer to a more effective LA-LV diastolic coupling mainly based on passive
hemodynamics instead of active contraction. During exercise, however, this functional
reserve capacity will be able to actively support adequate LV filling and systemic forward
flow when HR increases (138).

In parallel with previous results, athletes demonstrated significantly higher LA volumes.
Interestingly, no difference was found in LAVi between male and female athletes.
Conflicting results have been reported about the influence of gender on atrial size. In
opposite to our results, D’Andrea and coworkers demonstrated that LA size was greater
in males compared to female athletes (139). Nevertheless, a meta-analysis using 2D
echocardiography concluded that gender does not influence LA volumes, which is in line
with our 3D data (51). Badano and coworkers suggested reference values for 3D LA
volumes and phasic functional indices measuring a large subset of healthy Italian
volunteers using the same software applied in our study (140). Comparing our controls
to their reference values of the same age range, we found similar LA volumes, while the

athletes demonstrated clear LA enlargement. Similarly to our results, they found that LA
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volumes indexed to BSA were similar in men and women and increasing across age
categories (140).

Along with LA morphology, LA functional parameters also demonstrate dynamic
changes in our athlete group. Studies using 2D volumetric or speckle-tracking
echocardiography approach demonstrated normal LA reservoir function and reduced
contractile function along with maintained passive emptying properties compared to
sedentary controls (141,142). While reservoir function in athletes was reported to be
preserved in several papers, there is evidence of decreased resting reservoir function at
mid-season compared to the pre-season period, suggesting that LA adaptation to exercise
may also involve lower resting reservoir function of the chamber (52,142). Moreover, a
recent meta-analysis found that both LA reservoir and contractile functions are lower in
athletes (50). In line with these data, in our study 3D LAEF and LAGLS, markers of LA
reservoir function were significantly lower in athletes compared to non-trained controls.
In contrast to other LA phasic functional parameters, LA passive EF was found to be
comparable between the study groups, which may be attributable to the supernormal LV
early diastolic function of athletes facilitating LA emptying in conduit phase (38). These
findings are consistent with a previous publication, also applying 3D echocardiography
(143). Data are scarce regarding gender differences of LA functional adaptation:
according to previous data using 2D speckle tracking echocardiography in runners,
females exhibit similar LA functional changes, with significantly higher LA contractile
function compared to males (144). According to our results, female athletes have
significantly higher LAEF and LAGLS, but similar LA passive emptying and contractile
properties compared to male athletes.

Besides gender, HR, and morphometric parameters such as BSA, in our multivariate
linear regression model 3D, but not 2D-derived LAVmax was an independent predictor
of VO2/kg. Our findings suggest that LV and LA morphology correlate directly while
resting functional parameters have an inverse relationship with peak exercise capacity in
mixed trained athletes. Previous echocardiographic and also cMR studies demonstrated
similar linear correlation with LV and LA volumes and VO2/kg (72,73). Interestingly, 3D
LVEDVi was not a predictor of exercise performance, suggesting that the assessment of
LA morphological adaptation using 3D echocardiography may provide incremental value

in the characterization of athlete’s heart. Moreover, cardiac functional parameters such as

73



LVGLS and LA passive EF were also independent predictors of fitness. LVGLS was
proven to be a strong marker of LV functional status (76), and LA passive EF may be
perceived as a composite marker of LV diastolic function, LA stiffness, and filling
pressures, which may explain their predictive value (145). Our second multivariate linear
regression model revealed that RV morphology and function (RVEDVi, RVFWLS) are
also independent predictors of VO2/kg besides those parameters that were revealed in our
first model. Interestingly, better exercise performance is associated with lower LV
longitudinal deformation; however, with higher RV longitudinal deformation. This

finding is consistent with our second study described in this thesis.

5.4 Limitations

There are several limitations that have to be addressed regarding the above-discussed
studies. First and foremost, we were using echocardiography, which is not the gold
standard for the measurement of cardiac chamber volumes and EF. Nevertheless,
echocardiography is considered to be a highly reliable and reproducible method, and the
largest body of data in this field are derived from this imaging modality.

In our experimental rodent study, the trained rats developed concentric-type of LV
hypertrophy, which may be attributable to the nature and the longevity of the training. It
is also important to mention that during our in vivo investigations, HR did not differ
between trained and control animals, which might be related to the anesthesia that might
influence the autonomic balance and mask exercise-induced bradycardia and the
consequent chamber dilatation. Although this phenomenon could be a limitation of the
study, the similar HR values might offer the advantage to obtain more comparable
parameters of ventricular dimensions and mechanics. Beyond these observations, rodent
and human physiology obviously differ in many aspects, which limits the applicability of
our findings to the clinical setting.

In our clinical studies, the number of investigated athletes was relatively low. Our study
populations were generally younger than the “typical” athlete groups in sports cardiology
research. It is also important to mention that we were examining only water sport
disciplines. Therefore, cardiac remodeling and subsequent functional changes may be less
prominent compared to the classical ultra-endurance athletes (e.g., ultramarathon,
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cycling), which may represent the absolute peak of exercise-induced cardiac adaptation.
Nevertheless, our athletes still have a long training history and participate in top-level
training and competition. 3D echocardiography yields lower temporal and spatial
resolution compared to 2D echocardiography; however, multi-beat reconstruction was
applied in both studies to achieve a higher frame rate and better spatial resolution.
Moreover, 3D image acquisition and analysis require special equipment and expertise. In
the second study, our method was based on 3D analysis by a custom software; therefore,
absolute values of the strain and strain rate measurements are not comparable to
commercially available 2D methods. Only resting echocardiographic measurements were
performed in our studies. Further investigations are warranted to characterize 3D chamber
mechanics during exercise. Our clinical studies are cross-sectional, while the temporal
changes in RV and LA morphology and function, such as throughout a training season or

dynamics of deconditioning, remain unknown.
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6. CONCLUSIONS

In our first study, we have characterized the temporal nature of the development and the
regression of exercise-induced cardiac remodeling using conventional echocardiography
and STE in a rodent model. We have shown that LV hypertrophy occurs even after 4
weeks of exercise, with a gradual increase in wall thicknesses later on the training period.
In parallel with the morphological changes, LV deformation measures increase in a
similar manner. Suspension of the training resulted in rapid LV reverse remodeling: both
morphological and functional measures were comparable in the study groups 2 weeks
following the cessation of the training. We have confirmed enhanced LV contractility of
the exercised group and also the deteriorating effects of deconditioning by invasive
hemodynamic measurements. Histological examinations also showed the increase and
regression of cardiomyocyte width with no concomitant collagen deposition. Our results
suggest that STE might be an ideal method to follow-up changes induced by exercise
training and detraining.

In our second study, by the 3D echocardiographic assessment of RV mechanical pattern,
we have shown that beyond the well-known marked dilation and low-normal resting EF,
the RV of the athlete’s heart is characterized by an increased relative contribution of the
longitudinal and a decreased contribution of radial wall motions at rest. While the
morphological changes were less pronounced in females, the RV mechanics did not differ
between genders. Moreover, this mechanical pattern shows a correlation with exercise
performance measured by CPET. According to these results, this functional shift may
represent a novel resting marker of athlete’s heart.

Our third study showed significant LV and LA morphological and functional remodeling
using 3D echocardiography in a relatively large set of elite athletes. In the face of the
lower LV volumes in female athletes compared to males, LA volumes were comparable
between genders. Several LV and LA measures showed a significant correlation with
exercise capacity; however, 3D LAVmax and LA passive EF were independent predictors
of VO2/kg. Our results suggest that athletes’ atrial enlargement and lower resting function
do not represent dysfunction, but a physiological aspect of athlete’s heart: less contraction
in a higher volume chamber can achieve the same stroke volume as a smaller one with
more pronounced shortening. Assessment of LA remodeling and phasic function by 3D

echocardiography might be an important evaluating step in sports cardiology.
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7. SUMMARY

Regular physical exercise is associated with significant hemodynamic demands inducing
changes in cardiac morphology and function, also referred to as the athlete’s heart. Data
are scarce regarding the temporal dynamics of the physiological hypertrophy and its
reversal. Moreover, in the past decades, data are also growing about the possible harmful
effects of intense training. When underlying susceptibility is present, athletic training may
precipitate cardiovascular diseases, emphasizing the need for in-depth characterization of
the athlete’s heart, which should not be confined to the LV.

Our research group characterized the development and regression of the athlete’s heart in
a rodent model. LV structural changes were evident after 4 weeks of training with a
gradual increase throughout the exercise phase. LV remodeling was accompanied by an
enhanced LV systolic function measured by STE-derived GLS and GCS. Cessation of the
training was associated with rapid reverse remodeling: LV morphological and functional
parameters were comparable between the exercised and the control groups even after 2
weeks.

We have also studied RV mechanics of the athlete’s heart by enrolling professional water
polo players examined by 3D echocardiography. Markedly higher RV volumes and low-
normal RVEF were noted, as expected. However, an increased relative contribution of
the longitudinal motion and a decreased contribution of radial wall motion were also
detected at rest. In opposed to the RV morphological remodeling, this deformation pattern
did not differ between males and females. Moreover, the degree of this functional shift
also correlated with peak exercise capacity measured by CPET. LA morphology and
function were also investigated by 3D echocardiography in mixed-trained athletes.
Higher LV and LA volumes were established while resting functional measures were
generally decreased compared to controls. 3D LV volumes in female athletes were
significantly lower compared to males; LA volumes did not differ between genders. 3D
LAVmax and also LA passive EF and LV GLS were independent predictors of exercise
capacity, suggesting that the assessment of LA morphology and function by 3D
echocardiography may have incremental value.

In summary, our results emphasize the growing clinical attention and the added value of
advanced echocardiographic techniques (particularly speckle tracking and 3D

echocardiography) in the arena of sports cardiology.
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8. OSSZEFOGLALAS

A rendszeres sporttevékenységgel 6sszefiiggd hemodinamikai terhelés a sziv morfologiai
és funkcionalis valtozasait indukalja, melyet sportszivnek neveziink. Ezen jellegzetes
valtozasok ellenére kevés adat all rendelkezésre kialakulasanak és visszafejlodésének
pontos dinamikajarol. Ujabb eredmények alapjan az intenziv sporttevékenységnek karos
hatasai is lehetnek: ha bizonyos genetikai hajlam jelen van, a rendszeres fizikai terhelés
kiilonféle megbetegedések megjelenését precipitalhatja, amelyek azonban nem kizarolag
a bal kamraval vannak Osszefliggésben.

Sportsziv patkanymodelljével vizsgaltuk a sportsziv kialakulasat, illetve a reverz
remodellaciot. Négy hét edzés hatasara a sportold csoport szignifikans falvastagsag
novekedése mellett a GLS és GCS emelkedd nyugalmi deformdaciét mutatott. Az
edzéstevékenység felfiiggesztése gyors reverz remodellaciot eredményezett: mindossze 2
hét dekondiciondlodést kdvetden a bal kamra alaki és miikddési sajatossagai a kontroll
csoportéval osszehasonlithatdak voltak.

A jobb kamrai mechanika sajatossagait is vizsgaltuk vizilabdas élsportolokon. A sportoloi
csoport a varhaté moddon jelentdsen emelkedett jobb kamrai volumeneket, illetve
alacsony-normalis funkcionalis paramétereket mutatott. Mindazonaltal, a jobb kamrai
mechanika elemzése soran a longitudinalis rovidiilés relativ dominanciajaval
parhuzamosan a radidlis irany kontrakcio relativ csokkenése mutatkozott. Mig a jobb
kamrai morfologiai atépiilés ndkben kevésbé volt markans, a deformaciés mintdzat
jellege a két nemben hasonld volt. A deformacios mintazat paraméterei, illetve a VO2/kg
kozott szignifikans korrelaciot talaltunk. A bal kamra és a bal pitvar sajatossagait egy
kevert terhelésti sportold populacion vizsgaltuk. Az emelkedett volumenek mellett a
sportolok nyugalmi bal kamrai és pitvari funkcionalis paraméterei alacsonyabbak voltak
a kontroll csoporthoz képest. Mig a bal kamrai térfogatok alacsonyabbak voltak ndi
sportolokban, a bal pitvari térfogatok tekintetében nem mutatkozott kiilonbség a nemek
kozott. A 3D echokardiografias bal pitvari volumenek, illetve funkcionalis paraméterek
Osszefliggést mutattak a VO2/kg-mal, ezen feliil a 3D bal pitvari Vmax, illetve a passziv
EF ¢és a bal kamrai GLS is fliggetlen prediktorai voltak a csucs terhelhetéségnek.
Osszefoglalva, eredményeink rdmutatnak a modern echokardiografids technikdk
potencialis klinikai felhasznalasara és jelentds hozzaadott értékére a sportkardiologia

teriiletén.
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