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ABSTRACT
Exercise has a significant impact on the cardiovascular (CV) health of
children and adolescents, with resultant alterations in CV structure and
function being evident, even at an early age. Engagement in regular,
moderate physical activity (PA) is associated with long-term CV health
benefits and a reduced risk of CV disease and mortality later in life.
However, competitive sports often involve PA training intensities that
are beyond recommended levels for young athletes, potentially leading
to adverse CV outcomes. This situation emphasizes the importance of
early monitoring of CV status, to prevent detrimental adaptations to
intense physical exercise. The Munich Cardiovascular Adaptations in
Young Athletes Study (MuCAYAplus; NCT06259617) aims to investigate
the as-yet-unclear adaptations to intense exercise that occur in young
athletes. The study focuses on various factors, including CV health, PA,
cardiopulmonary performance, body composition, eating habits, and
biochemical markers.
In this longitudinal, prospective study, a sample of 250 young
competitive athletes (aged 10-17 years) will undergo yearly examina-
tions at the Institute of Preventive Pediatrics at the Technical University
of Munich (TUM), over the span of 3 years. The testing protocol in-
cludes the following: anthropometric measurements; basic medical
examinations; electrocardiography, with blood-pressure and pulse-
wave analysis; echocardiography; sonography of the carotid artery;
blood sampling for laboratory analysis; cardiopulmonary exercise
testing on a bicycle ergometer; and participant completion of ques-
tionnaires regarding PA (the Motorik-Modul Longitudinal Study PA
Questionnaire [MoMo-PAQ]) and nutrition.
Areas that are not yet fully understood are how exercise influences
cardiac and vascular remodeling during long-term exercise, and how
different biochemical and metabolic parameters, body composition,
and nutrition impact such adaptations. The MuCAYAplus study seeks to
address these gaps in knowledge and provide comprehensive evidence
on the longitudinal effects of exercise on the CV system of young
athletes.
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R�ESUM�E
L’exercice physique a un impact significatif sur la sant�e cardiovascu-
laire (CV) des enfants et des adolescents, et les modifications de la
structure et de la fonction CV qui en r�esultent sont �evidentes, même à
un jeune âge. La pratique r�egulière d’une activit�e physique (AP)
mod�er�ee est associ�ee à des b�en�efices à long terme pour la sant�e CV et
à une r�eduction du risque de maladie CV et de mortalit�e plus tard dans
la vie. Cependant, le sport de comp�etition implique souvent des
intensit�es d’entraînement qui d�epassent les niveaux recommand�es
pour les jeunes athlètes, ce qui peut avoir des cons�equences n�efastes
sur le plan CV. Cette situation souligne l’importance d’une surveillance
pr�ecoce de l’�etat CV, afin de pr�evenir les adaptations pr�ejudiciables en
r�eponse à l’exercice physique intense. L’�etude Munich Cardiovascular
Adaptations in Young Athletes Study (MuCAYAplus; NCT06259617) a
pour but d’�etudier les adaptations à l’exercice intense qui se produi-
sent chez les jeunes athlètes et qui sont encore mal connues. L’�etude
se concentre sur diff�erents facteurs, notamment la sant�e CV, l’AP, les
performances cardiopulmonaires, la composition corporelle, les habi-
tudes alimentaires et les marqueurs biochimiques.
Dans le cadre de cette �etude longitudinale et prospective, un
�echantillon de 250 jeunes athlètes de comp�etition (âg�es de 10 à 17
ans) sera soumis à des examens annuels à l’Institut de p�ediatrie
pr�eventive de l’Universit�e technique de Munich (TUM), sur une p�eriode
de trois ans.
Le protocole de test comprend les �el�ements suivants : mesures
anthropom�etriques; examens m�edicaux de base; �electrocardiographie,
avec analyse de la pression art�erielle et du pouls; �echocardiographie;
�echographie de l’artère carotide; pr�elèvement de sang pour analyse en
laboratoire; �epreuve d’effort cardiopulmonaire sur bicyclette ergo-
m�etrique; et remplissage par les participants de questionnaires con-
cernant l’AP (le Questionnaire Motorik-Modul Longitudinal Study
Physical Activity [MoMo-PAQ]) et l’alimentation.
La manière dont l’exercice influence les remodelages cardiaque et
vasculaire au cours d’un exercice de longue dur�ee, et la manière dont
les diff�erents paramètres biochimiques et m�etaboliques, la composi-
tion corporelle et la nutrition influent sur ces adaptations ne sont pas
encore parfaitement comprises. L’�etude MuCAYAplus vise à combler
ces lacunes et à fournir des donn�ees complètes sur les effets longi-
tudinaux de l’exercice sur le système CV des jeunes athlètes.
Engaging in regular, moderate physical activity (PA) leads to
long-term health benefits, curbing overall mortality rates and
reducing the risk of developing cardiovascular (CV) condi-
tions, while decreasing the risk for several metabolic risk fac-
tors, such as obesity, diabetes mellitus, dyslipidemia, and
hypertension.1 Therefore, the World Health Organization
(WHO) recommends that children and adolescents aim for an
average of � 60 minutes of moderate-to-vigorous PA, per day,
for preventive purposes.2

In young athletes, however, the levels of PA in these rec-
ommendations are often exceeded by a significant margin.
Even at a young age, competitive sports participation often
requires training loads of 10-20 hours per week, with much
higher intensity, frequency, and duration than recom-
mended.3,4 Instead of yielding health benefits, such extremely
high training loads can lead to detrimental effects on the
structure and function of the CV system,5,6 potentially lead-
ing to pathophysiological events,7 such as cardiomyopathy,8,9,
increased vascular stiffness,10 and early atherosclerotic
events.11

Within this context, cardiac remodelling describes the
process by which the myocardium adjusts to training influ-
enced by hemodynamic pressureevolume loads, such as heart
rate, ejection fraction, and blood pressure, as well as
biochemical mediators and oxidative stress.5 In athletes, such
changes manifest as ventricular enlargement and thickening of
the left ventricular (LV) wall, leading to an elevated stroke
volume and improved diastolic filling.12 However, these
changes also serve as risk factors for the development of dilated
cardiomyopathy.8
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In cardiac remodelling that occurs due to PA, adaptations
of the vascular system occur as well. Whether vascular
remodelling is a consequence of cardiac adaptation, or vice
versa, is still unclear. For example, an elevated cardiac output
can impose an increased load on the vasculature, potentially
leading to elastin fatigue and fragmentation over time. This
process contributes to a loss of arterial compliance, resulting
in increased arterial stiffness. Coupled with the pressure from
wave reflections, this elevated level of stiffness raises the
afterload, thereby promoting ventricular hypertrophy and
impaired LV relaxation, which in turn leads to an enlarge-
ment of the left atrium.13-15 Green et al.16 describe the so-
called "athlete’s artery," which is characterized by an in-
crease in vessel diameter and a decrease in wall thickness,
facilitated partly by a heightened availability of vasodilatory
compounds and antioxidants, along with decreased levels of
inflammatory markers. Nitric oxide (NO) is the primary
vasodilatory substance for endothelial relaxation. NO acts
through the cyclic guanosine monophosphate (cGMP)-
coupled reduction of intracellular calcium levels; it also is
involved in the regulation of the primarily vasoconstrictive
substance endothelin-1 (ET-1), acting as an inhibitor of ET-1
synthesis.17 The vasoconstrictive effects of ET-1 are depen-
dent on the binding of either 1 of its 2 receptor sub-
typesdETAdwhich elicits immediate and potent
constriction, or ETB, which stimulates the secretion of NO
(ETA and ETB are receptor-subtypes for endothelin-1,
which, upon binding of ET-1, elicit different vascular re-
sponses. ETA leads to potent constriction, ETB stimulates
relaxation by stimulating NO secretion).18 Crucial factors
influencing these adaptations include exercise intensity and
recovery time, as excessive intensity and inadequate recovery
can provoke adverse responses.19 Several studies have shown
that endothelial function is impaired in competitive athletes,
in response to highly intense exercise, and vascular stiffness is
increased.10,20,21

Intensive PA promotes the excessive production of
reactive oxygen species, through the exercise-induced
contraction of active skeletal muscle fibers, an increased
metabolic rate, as measured by oxygen consumption, and
heightened heat production.22-24 This excessive production
of reactive oxygen species (ROS) is involved in the path-
ophysiology of the heart and molecular-level changes.25

ROS contribute to contractile dysfunction associated with
anomalies in intracellular Ca2þ homeostasis, cardiomyopa-
thy, arrhythmia, ischemiaereperfusion damage, and mito-
chondrial DNA damage.26 Additionally, ROS facilitate the
oxidation of low-density lipoprotein, and thus, the devel-
opment of endothelial dysfunction, atherosclerosis, and
dilated cardiomyopathy.11,27 In children and adolescents,
ROS lead to age-specific changes in both oxidative and
antioxidant markers.28 Evidence indicates that lower anti-
oxidant reserves, such as glutathione peroxidase, in children
in general, as well as in children with chronically intensive
training loads, predispose them to having a higher suscep-
tibility to exercise-induced oxidative damage.29,30 The in-
crease in antioxidant enzymes, such as superoxide
dismutase, indicates that adaptations to exercise occur even
in pediatric populations.31,32 These responses depend on
factors such as training load and individual physical fitness,
which have not been investigated sufficiently in relation to
adaptations to oxidative stress.

Metabolic parameters, nutrition, and PA are interlinked
and collectively influence the CV system. The hormone leptin
and the thyroid hormone triiodothyronine (T3) affect both
energy metabolism and CV health.33,34 On one hand, leptin
correlates positively with body fat mass and contributes as a
vasoconstrictor to the regulation of vascular tone,33,35 but on
the other hand, it also suppresses appetite and contributes to
vascular relaxation by stimulating NO synthesis.36,37 T3 is
essential for healthy growth, normal metabolism, and CV
system function.34 However, the research relating to this
finding is not conclusive. Studies have shown that high levels
of exercise, especially when unmatched by an increased dietary
energy intake, can lead to reduced circulating concentrations
of T3 levels, possibly modulated through downregulation of
the hypothalamus-pituitary-adipocyte-leptin axis.38 Low T3
levels are associated with an increased risk of CV diseases.39

Conversely, other studies report that increased T3 levels are
induced by intensive training.40 Although an interplay occurs
among leptin, thyroid function, and exercise,41 their associa-
tion with CV parameters and their changes over time in young
athletes are not well understood.

The longitudinal research questions of the MuCAYAplus

study also are based on the results of the previous Influence of
Vigorous Physical Activity on Structure and Function of the
Cardiovascular System in Young Athletes (MuCAYA) cross-
sectional study.42 Conducted from 2017-2020, this study
examined young athletes aged 7-18 years, across various
performance levels, to determine the impact of PA on cardiac
and vascular structure and function. Herein, adaptations in
structural cardiac parameters were observed, with maximum
aerobic capacity affecting the interventricular septal thickness
during diastole, and training intensity influencing the LV
internal diameter during diastole and systole, as well as the
LV mass (LVM) indexed to body surface area (LVM/BSA).43

In terms of vascular adaptation, young athletes have been
shown to exhibit not only improved carotid arterial elasticity,
and a lower level of arterial stiffness, compared to a normative
reference cohort, but also a higher level of central arterial
stiffness.44 Additionally, young athletes demonstrated an in-
crease in both carotid intimaemedia thickness (cIMT) and
cIMT-to-carotid-diameter ratio values, with a negative asso-
ciation found between training load and cIMT, as well as
improved central hemodynamics with a longer training
duration.44,45 However, the results of the preceding
MuCAYA study did not account for the influence of
biochemical factors that impact the relationship between
vascular properties and exercise.

The aim of the MuCAYAplus study is to explore how the
interaction of cardiac and vascular remodelling is changed
during long-term exercise in the still-developing CV system of
young athletes. The study also examines the extent to which
other parameters, such as biochemical markers, body
composition, and nutrition, impact such adaptations. Herein,
an issue of great importance to examine is what level of
training load offsets the beneficial effects of exercise on the
CV system and instead triggers detrimental effects on CV
health, owing to disproportionate adaptations of key
parameters.
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Materials and Methods

Study design

All the examinations of this monocentric 3-year longitu-
dinal prospective-cohort study have been or will be performed
at the outpatient clinic at the Institute of Preventive Pediatrics
of the Technical University of Munich (TUM), between
December 2023 and November 2026.

Participants

Children and adolescents aged 10-16 years voluntarily
enroll for sports fitness examinations, either for their
competitive activities or as a requirement for their respective
discipline. These include children and adolescents who match
our criteria for definition as young competitive athletes,46,47

who either have been examined in previous years or are un-
dergoing a sports fitness examination for the first time. They
are eligible to participate in the MuCAYAplus study if they
fulfill the following inclusion criteria for the duration of 3
years:
� being regularly active in a primary sport, and a
member of a sports club and/or sports association;

� participating in athletic competitions;
� having a weekly training load of � 3 hours;
� having a most-recent intensive training session before

the study examination that was � 12 hours earlier, to
ensure sufficient recovery;

� having no acute infection and/or orthopedic injury
and/or chronic illness, as confirmed by a medical
examination on the day of testing;

� having clearance to undergo cardiopulmonary stress
testing after a medical examination on the day of
testing; and

� having participated annually (once per year) in the
sport medical examination for 3 years.
The exclusion criteria are as follows:
� having an acute infection, acute orthopedic injury, or
a chronic disease; and

� missing consent from the participant and/or legal
guardian.
Sample-size calculation

The study investigates whether CV parameters are elevated
more frequently in young athletes, compared to those in
children and adolescents from a normative population.48-50

Sample-size calculation was performed via G*Power (version
3.1.9.7)51 with respect to LVM. A question that is examined
is whether the proportion of athletes with a significantly
higher LVM, compared to the norm, an indicator for hy-
pertrophic cardiomyopathy (LVM > 95th percentile), exceeds
the expected probability of 95% for the normative population.
Assuming an observed probability of 10% in athletes,49 n ¼
185 participants are needed to reject the null hypothesis (P ¼
0.05), with a power of 80% (2-sided test, significance level
a ¼ 0.05). To compensate for dropouts and missing exami-
nations, we aim to include n ¼ 250 athletes in the study. The
sample-size calculation considers the influence of training on
the left heart, represented by the LVM as a parameter. With
the calculated sample size, the training effect on the heart can
be demonstrated and statistically supported. Over the course
of 3 years, approximately 250 young athletes are to be
examined each year, totaling a final number of 750 exami-
nations. The current recruitment and examination status is as
follows: since the start of the study in December 2023, we
have included and examined 170 of the desired 250 partici-
pants, as of July 2024 in the first year of the study.

Ethical considerations

The study has been approved by the TUM ethics committee
(project number: 516547656). All study participants receive a
document detailing study information, and they receive infor-
mation about the study verbally. Depending on the age of the
study participants, written consent to participate in the study is
obtained from both the participants and their legal guardians.

Measurements

Medical history and examination. Participants receive a
physical examination, and a personal and/or family history is
taken. The medical history includes data on past and present
illnesses and injuries, vaccination status, allergies, medication
intake, dietary habits, use of dietary supplements, alcohol
intake, smoking status, drug use, energy-drink consumption,
and menarche and the menstrual cycle in female participants.
Participants’ training history and symptoms during exercise
performance, such as dyspnea, dizziness and/or syncope, pal-
pitations, and angina, also are documented. A family history,
obtained together with the participant’s parents, covers CV
diseases, sudden deaths, and Marfan syndrome, among other
conditions.

Venous blood sampling and analysis of laboratory pa-
rameters. Participants receive venous blood sampling after
fasting, and a comprehensive blood analysis, which includes
the following parameters: blood count (erythrocytes, mean
corpuscular volume, mean corpuscular hemoglobin, mean
corpuscular hemoglogin concentration, hemoglobin, hemat-
ocrit, leukocytes, thrombocytes); specific organ function
(glutamate-oxaloacetate-transaminase [GOT], glutamate-py-
ruvate-transaminase [GPT], gamma-glutamyltransferase
[GGT], creatinine, uric acid, low-density lipoprotein, high-
density lipoprotein, total cholesterol); blood glucose; inflam-
mation (high-sensitivity C-reactive protein); enzymes of
reactive oxygen species metabolism (superoxide dismutase,
glutathione peroxidase); endothelial function (NO, ET-1);
and metabolic function (leptin, free triiodothyronine [fT3]).

Anthropometrics. Body weight and body composition are
assessed using a bioelectrical impedance analysis scale (InBody
270 Body Composition Analyzer, InBody Deutschland,
Eschborn, Germany). Height, standing waist circumference,
and standing hip circumference are measured with an accuracy
of 0.1 cm.52 Measurements are taken when participants are
not wearing shoes and are dressed in light sports clothing.
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Body mass index is calculated from height and weight. Age-
and gender specific z-scores for body mass index, and waist
and hip circumferences, are determined according to reference
values.53,54 Physical maturity status is evaluated based on
growth in height and sitting height.

Basic CV examination

Basic CV assessment includes a 12-lead resting electro-
cardiogram taken while participants are in a supine position
(CARDIOVIT CS-200 Office, Schiller, Baar, Switzerland).
Peripheral and central systolic and diastolic blood pressure,
peripheral and central pulse pressure, as well as aortic pulse-
wave velocity, are evaluated from the left brachialis anticus
muscle after 5 minutes of rest, using the Mobil-O-Graph,
IEM, Stolberg, Germany), and are compared to reference
values.55 The Mobil-O-Graph device is noninvasive, and it
has been validated across multiple studies, making it a regular
choice for use in pediatric populations.56-59 Pulse-wave ve-
locity and central systolic blood pressure are determined using
the device’s proprietary algorithm.55,60

Sonographic examination

All sonographic examinations are performed using the
Aplio i900 ultrasound imaging system (Canon Medical Sys-
tems, Neuss, Germany).

Vascular parameters. Structural vascular parameters include
carotid intimaemedia thickness (IMT), vessel diameter and
calculated IMT:diameter ratio. The IMT is measured using
B-mode ultrasound, according to the method from the As-
sociation for European Paediatric and Congenital Cardiology
(AEPC). Measurements are performed with participants in a
supine position, at the far wall of the common carotid artery,
with the participants’ head tilted to the opposite side from
that of the investigation. IMT measures are taken 1 cm
proximal to the carotid artery bifurcation, at the end-
diastolic phase, bilaterally at 2 angles on Meijer’s carotid
arc61 (120�/150� right; 210�/240� left). The vascular wall
function of both common carotid arteries is assessed by
measuring the peak circumferential strain and the peak dia-
stolic and systolic strain rates. These are examined in B-mode
ultrasound, using speckle-tracking technology,62,63 with
participants in a supine position with their head in a neutral
position and their chin elevated. Measurements are taken
during a breath-hold in expiration, at a proximal and a distal
location. The reference points used are the maximum
transverse diameter of the ipsilateral thyroid lobe, and the
carotid arterial bifurcation.

Cardiac parameters. All participants receive resting echo-
cardiography while in a supine position, to assess their cardiac
morphology and function, according to American Society of
Echocardiography guidelines.

Cardiac adaptation to exercise comprises morphologic as
well as functional adaptation. Morphologic parameters
include m-mode measurements of end-diastolic LV diameters
and wall thickness, as well as 2-dimensional LV volumetry.
LV ejection fraction is calculated using the biplane Simpson
method.64 Pulse-wave Doppler measurements of mitral
inflow, and myocardial Doppler tracings of the basal LV septal
and lateral walls, are obtained, as a quantification of diastolic
function.

Assessment of cardiopulmonary fitness

A cardiopulmonary exercise test is performed on a cycle
ergometer (Corival, Lode B.V., Groningen, Netherlands) us-
ing a modified Godfrey ramp protocol.65 All participants are
instructed to cycle using maximum effort. After a 2-minute
rest period, participants commence cycling with an initial
load set to 50% of their body mass. Ramps were scaled to
achieve participants’ maximum effort level after 8-12 minutes
of exercise, according to estimated individual fitness levels.
Effort is considered maximal if a respiratory exchange ratio of
� 1.10 is reached.66 Comparability of cardiopulmonary per-
formance is ensured by normalization to body weight (relative
peak oxygen uptake in mL/min/kg). Throughout the test,
participants are monitored using a continuous 12-lead elec-
trocardiogram, blood pressure measurements taken every 2
minutes, and intermittent oxygen pulse oximetry. Parameters
derived from the cardiopulmonary exercise test are acquired
and analyzed using the MetaMax 3B system (Cortex Bio-
physik, Leipzig, Germany). These include peak oxygen up-
take, ventilatory thresholds, maximum heart rate, relative
maximum workload, and maximum power output. After
performing at their maximal exertion level, patients are
monitored continuously for 5 minutes. Testing is conducted
by trained sport scientists, with a cardiologist on hand.

PA questionnaire

To assess the motor performance and PA of children and
adolescents, we use the Motorik-Modul-Physical Activity
Questionnaire (MoMo-PAQ), which has been validated by
Bös et al.67 and Jekauc et al.68 This questionnaire comprises
data on PA load, during specific athletic training, as well as in
daily life. Data on personal training history, primary
competitive sporting discipline, years of experience, and cur-
rent training load are collected. The numbers of metabolic
equivalent of task (MET) minutes per week are calculated, for
the primary sporting discipline and for daily-life PA.

Nutrition

Nutrition quality and dietary habits will be assessed via the
Food Frequency Questionnaire of the German National
Health Interview and Examination Survey for Children and
Adolescents (KiGGS).69 Based on the previously published
Healthy Nutrition Score for Kids and Youth (HuSKY),70 we
will develop a modified and updated score considering current
nutritional recommendations. The score will be calculated as
the ratio of the quantity of specific food categories (eg, veg-
etables, fruit, dairy), as assessed by the Food Frequency
Questionnaire, and the age-specific nutritional guidelines for
each group. A higher score will be reflective of a healthier diet,
which we define as one that is in closer agreement with the
current recommendations.

Statistical analysis

The question of whether the proportion of young athletes
with significantly elevated CV parameters differs from the
expected proportion in the normative population is analyzed
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via c2 test (null hypothesis that this probability is 5%; 2-sided
test; significance level a ¼ 0.05). An exact 95% confidence
interval (CI; ClopperePearson interval) also is estimated for
this probability. Additionally, mean values and standard de-
viations, stratified by age and gender, along with corre-
sponding CIs for the means are presented for all parameters,
including CV, cardiopulmonary, anthropometric, laboratory,
PA, and nutritional parameters. To assess the relationship
between training intensity and the measured parameters,
linear regression models are fitted to the data. Trans-
formations of training intensity (eg, using splines) are utilized
to detect potentially nonlinear associations, such as that ex-
pected for the relationship between training intensity and
LVM, and to identify a threshold at which training intensity
may be considered harmful.

The ages and genders of the participants are considered in
the modelling, to examine possible interaction between these
parameters. For binary outcomes, a similar approach via lo-
gistic regression models is used. Mixed-effects regression
models are used to explore longitudinal data, incorporating
random effects for participants. This approach models the
development of relevant outcomes over time, analyzes differ-
ences in level or changedfor example, between genders or
between groups with different training intensities. Associa-
tions of changes in parameters over time are evaluated using
correlation coefficients. All secondary analyses are exploratory,
and 95% CIs are estimated for relevant effect sizes.
Discussion
The MuCAYAplus study aims to provide comprehensive

insights into the effect of exercise on the CV system of young
athletes, exploring the temporal and causal relationships
associated with long-term adaptation to exercise. The study
will examine various factors and their interaction, including
CV health, PA levels, body composition, cardiopulmonary
performance, nutrition, and biochemical markers.

The purpose of this study builds on the findings of the
previous MuCAYA study,42 in which cardiac and vascular
changes were observed in young athletes. LVM, interven-
tricular septal thickness, and relative wall thickness of the left
ventricle were found to be increased significantly within 1 one
year of training, with training duration and maximal aerobic
capacity (peak oxygen uptake) having a significant impact.
Training intensity also significantly influenced the LV internal
diameter in both diastole and systole.43 Other studies also
show that cardiac remodelling occurs as early as in childhood
and adolescence.71,72 PA has been found to significantly in-
fluence the diameter and volume of the left atrium, as well as
the volume, area, and diameter of the right atrium.73-76 The
evidence is mixed regarding the impact of exercise on the
heart’s systolic and diastolic functions. Simsek et al.74 reported
that systolic function was enhanced in adolescent strength
athletes, whereas Sharma et al.9 found no improvement in
diastolic function among young athletes.

Regarding vascular changes, results of the previous
MuCAYA study demonstrated that arterial elasticity was
improved, and arterial stiffness was reduced in young athletes
compared to those in a normative population, but the young
athletes also showed a higher level of central arterial stiffness.
In addition, their cIMT and cIMT-to-carotid-diameter ratio
values were increased, with a negative association between
training load and cIMT.44,45 Overall, the research on vascular
remodelling in young athletes is sparse. However, Demirel
et al.77 noted a decrease in carotid IMT, and an increase in
diastolic wall stress, among adolescent wrestlers.

Vasoactive substances, such as the vasodilating NO or the
vasoconstricting ET-1, as well as antioxidative parameters and
metabolic agents, are key influencing factors in the regulation
of vascular tone and vessel function.78-81 Although evidence is
limited regarding biochemical markers, particularly in the
population of young, elite athletes, multiple studies have
documented the positive effect of exercise on the levels of
vascular active substances after different exercise interventions
in children and adolescents in general, as well as in children
and adolescents with preexisting conditions. These studies
show that levels of dilating factors, such as NO, are elevated in
response to exercise, while constricting parameters such as ET-
1 are reduced.82-85 Exercise also has been shown to boost the
activity of antioxidant enzymes such as superoxide dismutase
and glutathione peroxidase, across various exercise protocols in
children and adolescents,86-88 and several studies indicate that
levels of metabolic markers, such as leptin, decrease following
PA.89,90

Limitations

The study collective is comprised of young competitive
athletes who are regularly active in sports clubs and/or associa-
tions, with a required minimum of 3 hours of weekly training.
We do not include a normative control group with children and
adolescents who are not physically active, which limits the
comparison that can be made of CV and other parameters to
those in the included study population, and places focus on the
longitudinal changes over the timespan of the study. The extent
of adaptation differs among individuals, and individual young
athletes, within a spectrum of high-level responders to low-level
responders, as some children and adolescents are more predis-
posed genetically to muscular and CV adaptation than are
others. We also do not include a detailed assessment of the
physical maturation status of children and adolescents, which
we assess bymeasuring linear growth and sitting height,91,92 and
which also influences the CV properties.

Additionally, the level of PA, as well as the quality of
nutrition among participants, is assessed via written and on-
line questionnaires. Hence, the validity of the results depends
on the participants’ ability to fill out the questionnaires
correctly, as well as their honesty and ability in accurately
remembering their physical workload and dietary habits.

Conclusion

Exercise can affect CV health through various mechanisms,
starting at a young age. Exactly how exercise influences the
interaction of cardiac and vascular remodelling, and how CV
parameters change longitudinally in young athletes is not yet fully
understood.Moreover, what influence different biochemical and
metabolic parameters, as well as body composition and nutrition,
have in this context remains unclear. Emphasis in research should
be placed on investigating the threshold at which training load
counteracts the beneficial effects of exercise on the CV system,
thereby leading to adverse effects on CV health, owing to
disproportionate changes in critical parameters. The
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