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Abstract

Introduction: The “athlete’s heart” refers to cardiac adaptations from intense
training, which can mimic conditions like hypertrophic cardiomyopathy (HCM)
and arrhythmogenic right ventricular cardiomyopathy (ARVC). This study aims to
differentiate physiological and pathological cardiac hypertrophy in athletes using
advanced echocardiographic techniques.

Methodology: A literature review of studies from 2000-2024 was conducted
using PubMed, Scopus, and Google Scholar, focusing on cardiac remodeling,
echocardiographic evaluation, and sudden cardiac death (SCD) risk in athletes.

Discussion: Endurance athletes develop eccentric hypertrophy, while strength
athletes exhibit concentric hypertrophy. Physiological adaptations maintain normal
function, whereas HCM and ARVC present with structural abnormalities and increased
SCD risk. Advanced imaging, including strain and tissue Doppler, is crucial for accurate
diagnosis.

Conclusion: Echocardiographic screening is essential for distinguishing normal
adaptations from dangerous pathologies in athletes. This study highlights the role of
advanced imaging in preventing misdiagnosis and ensuring cardiovascular safety in
sports.
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Introduction

Athlete’sheart describes the heartadaptations in structure,
function, and electrical patterns caused by consistent athletic
training. The athletic heart is beneficial for improving sports
performance and health, they may also mimic conditions like
hypertrophic cardiomyopathy (HCM) [1].

Understanding physiological changes allows medical
professionals to distinguish between normal athletic
adaptations and heart diseases in athletes. Echocardiography
plays a vital role in assessing athlete’s heart by distinguishing
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typical exercise-induced cardiac changes from dangerous
cardiovascular conditions [2]. Recent scientific studies
emphasize exercise intensity and duration as the main
elements that drive cardiovascular adaptations. The current
interpretation of cardiovascular remodeling offers deeper
insights that go past the previous focus on specific sports
categories. Although researchers continue to study the
effects of age, gender, and ethnicity on cardiac remodeling
and try to build a new framework that provides a clearer
foundation for therapeutic applications and future studies [3].
According to research by Prior & La Gerche [1] and Palermi,
et al. [4], endurance and strength training athletes are mostly
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demonstrating these cardiac changes. A major meta-analysis
by Pluim, et al. [5], confirms that endurance and strength
training lead to distinct cardiac adaptations, with endurance
athletes having larger left ventricular diameters and strength
athletes having thicker walls. Despite these structural
differences, both groups maintain normal cardiac function [5].
While strength training leads to thickening of the heart muscle
(concentric hypertrophy), endurance training results in a
different type of heart muscle growth (eccentric hypertrophy).
Activities incorporating both dynamic and static movements
like cycling and can produce a combination of these effects
[6]. These cardiovascular adaptations frequently include
increased cardiac output, thicker walls, and dilation of the
left ventricle. The endurance training is commonly associated
with these changes, strength athletes also experience
similar adaptations, suggesting that both exercise types lead
to similar cardiovascular adaptations [7]. Some of these
changes, particularly thicker heart walls, can resemble signs
of hypertrophic cardiomyopathy (HCM) and arrhythmogenic
right ventricular cardiomyopathy (ARVC), complicating the
differentiation between normal training-induced changes
and pathological heart diseases [7-9]. The athlete’s heart may
be misdiagnosed as certain cardiac diseases. Conditions like
hypertrophic cardiomyopathy (HCM) with its thickened heart
muscle and arrhythmogenic right ventricular cardiomyopathy
(ARVC), characterized by fibrofatty infiltration can present
similarly. While a rare variant exercise-induced ARVC shares
traits with both ARVC and the athlete’s heart but without
the genetic component found in inherited ARVC. [9,10].
Accurate diagnosis of similar athletic heart conditions
requires advanced diagnostic tools like echocardiography to
avoid misdiagnosis and ensure appropriate treatment. A deep
understanding of the physiological changes in athletes’ hearts
is crucial for safe and effective management, enabling optimal
performance while minimizing health risks. These advanced
imaging techniques are vital for differentiating benign
adaptations from potentially serious pathologies needing
medical intervention [2,11].

The purpose ofthereviewisto explores howathletes’ hearts
adapt both normally and abnormally, highlighting the crucial
role of advanced echocardiography in differentiating healthy
training effects from potentially serious conditions such as
hypertrophic cardiomyopathy (HCM) and arrhythmogenic
right ventricular cardiomyopathy (ARVC).

Methodology

A comprehensive literature search was conducted
using Google Scholar, PubMed, Scopus, and Web of Science,
focusing on studies related to cardiac adaptations in athletes.
Keywords included “athlete’s heart,” “cardiac remodeling,”
“echocardiography,” “hypertrophic cardiomyopathy,” and
“arrhythmogenic right ventricular cardiomyopathy.” peer-
reviewed articles, systematic reviews, and meta-analyses
published between 2000 and 2024 were prioritized.
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Studies were screened based on relevance, methodological
quality, and applicability to distinguishing physiological and
pathological cardiac adaptations.

Endurance sports and cardiac remodeling:
eccentric hypertrophy and functional changes

Running, cycling and swimming among other endurance
activities, significantly restructure the heart and particularly
enlarging the left ventricle (eccentric hypertrophy). This
change is primarily due to the increased blood flow demands
of prolonged exercise. Endurance training expands the left
ventricle’s capacity (LVEDV) to handle the larger volumes
of blood pumped with each heartbeat [6,12,13]. Healthy
individuals who engage in endurance training experience
significant increases in the size of their left ventricle. These
adaptations are most pronounced in men, younger individuals
and those already physically fit. Rowing and swimming, as
examples of mixed-type exercise and lead to the greatest
changes in left ventricular structure [14]. Endurance training
induces eccentric hypertrophy and enhances ventricular
compliance, improving overall cardiac function by increasing
its blood-filling capacity and improving overall heart function
[15]. Right ventricular remodeling occurs characterized by
enlargement and improved systolic function and correlated
with pulmonary artery systolic pressure [7,16]. Endurance
athletes’ ability to maintain high performance for extended
durations depends critically on their increased capacity for
cardiac output [17].

Cardiac remodeling in strength athletes:
concentric hypertrophy and functional changes

Weightlifters and other strength athletes develop a unique
heart adaptations, which are different from endurance
athletes. This typically involves concentric left ventricular
hypertrophy—a thickening of the left ventricle’s wall without
a significant increase in its internal volume [6,13,18]. Heart
remodeling improves the efficiency and pumping strength of
the heart muscle, though the increase in blood volume pumped
per beat and overall heart output may be less dramatic than
in highly trained athletes. While the heart’s main pumping
function generally remains normal and sophisticated
ultrasound techniques can reveal minor changes in the way
the heart muscle deforms [19,20]. The structural changes
are adaptations to the high-intensity, short bursts of effort
characteristic of strength training [21].

Gender, age, and ethnic variations in athlete’s
heart

Cardiac adaptation to exercise varies significantly based
on gender age and ethnicity [22]. Men, particularly endurance
athletes, typically exhibit greater cardiac changes than
women, likely due to hormonal influences on myocardial
remodeling. Older athletes may show less pronounced
remodeling particularly in left ventricular mass and function,
than younger athletes. Furthermore, ethnic differences exist;
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for example, African-American athletes may demonstrate
more pronounced left ventricular hypertrophy than Caucasian
athletes and making it challenging to distinguish physiological
adaptation from pathology [23]. Di Paolo, et al. [24] found that
adolescent African athletes exhibit a higher prevalence of
ECG abnormalities, including increased R/S-wave voltage, ST-
segment elevation, and T-wave inversion, as well as greater
left ventricular wall thickness compared to Caucasian athletes.
The study also highlighted country-specific variations in
cardiac remodeling, with notable differences between Sub-
Saharan and North African athletes [24]. Elite endurance
and strength athletes in Asian military males exhibit distinct
cardiac adaptations, with greater left ventricular mass index
(LVMI) observed in both groups, while lower resting heart
rate predicts endurance status, and higher right ventricular
systolic pressure characterizes strength athletes [25]. These
findings align with Western studies, highlighting universal
and ethnicity-specific aspects of athlete’s heart [25].

Asian athletes exhibitunique cardiacadaptations, including
smaller left ventricular dimensions and a higher prevalence of
anterior T wave inversions on ECG, particularly in Southeast
Asians [26,27]. Endurance training induces significant cardiac
remodeling, with gender-specific differences in adaptation
[28-30]. Compared to other ethnicities, South Asian athletes
show fewer ECG anomalies than Afro-Caribbeans and less
structural adaptation than Caucasians [27]. Ethnicity-specific
cardiovascular screening guidelines are needed to accurately
assess Asian athletes’ heart health and SCD risks [31].

Preload and afterload in athlete’s heart

In sports science, preload and afterload are key factors
in understanding an athlete’s cardiovascular performance.
Preload refers to the myocardial wall stress at end-diastole,
which is influenced by factors such as chamber pressure,
heart size (radius), and wall thickness [32]. An increased
preload enhances stroke volume through the Frank-Starling
mechanism, which states that a greater volume of blood
filling the heart leads to a stronger contraction and improved
endurance capacity [33,34]. Afterload, on the other hand,
represents the myocardial wall stress during systolic ejection,
which refers to the resistance the heart must overcome to eject
blood [32]. A higher afterload increases cardiac workload and
oxygen demand, which can influence an athlete’s performance,
particularly in high-intensity activities. In endurance athletes,
prolonged exposure to increased afterload can lead to left
ventricular hypertrophy, an adaptive change that enables
the heart to pump more efficiently during exertion [35,36].
Both preload and afterload play a crucial role in the structural
and functional adaptations of the athlete’s heart, where the
heart undergoes physiological changes to support improved
cardiovascular efficiency. Understanding these concepts is
essential for optimizing training and monitoring an athlete’s
heart health.
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Echocardiographic imaging in the athlete’s heart

Endurance athletes’ heart adaptations can be evaluated
using echocardiography, which identifies both advantageous
and potentially detrimental alterations and including right
ventricular dysfunction [37]. Advanced echocardiographic
techniques, including tissue Doppler imaging (TDI), strain
rate imaging and 3D echocardiography, are crucial for
determining the point at which strenuous exercise becomes
harmful to the heart. These methods provide more sensitive
measurements of left and right ventricular function than
standard echocardiography enabling early detection of subtle
cardiac remodeling—a key indicator of potential pathology.
By assessing cardiac deformation (strain imaging) and
evaluating function under stress (exercise echocardiography),
researchers can differentiate between healthy training
adaptations and pathological conditions like hypertrophic
cardiomyopathy (HCM) or arrhythmogenic right ventricular
cardiomyopathy (ARVC).Combining these advanced imaging
techniques with clinical data is vital for understanding
exercise-induced cardiac changes and ensuring the safety
of athletes [8,11]. Athlete’s heart involves cardiovascular
adaptations that may mimic disease, and echocardiography,
along with preparticipation screening, is recommended at
key stages (adolescence and age 30-35) to detect conditions
like mitral valve prolapse, coronary anomalies, and late-
onset cardiac issues [38]. Echocardiographic parameters
such as left ventricular (LV) wall thickness, chamber size,
and diastolic function are key in distinguishing physiological
cardiac remodeling (athlete’s heart) from pathological
conditions in athletes [2,8,11]. Recent studies emphasize
the wuse of advanced echocardiographic techniques,
including speckle-tracking and 3D imaging, to differentiate
between benign adaptations and signs of hypertrophic
cardiomyopathy [3,4]. Alj, et al. [39], explore the complexities
of distinguishing physiological adaptations in the athlete’s
heart from pathological cardiomyopathies using advanced
echocardiographic imaging. The study emphasizes the
critical role of precise diagnostic criteria and emerging Al
technologies in enhancing differentiation, optimizing athlete
management, and preventing misdiagnosis-related risks such
as sudden cardiac death [39]. Richard, et al. [40] highlight the
uncertainty in defining a safe upper limit for peak systolic
blood pressure in endurance-trained athletes, suggesting
that elevated levels may reflect physiological adaptation
rather than pathology. They emphasize the need for athlete-
specific guidelines, aligning with the broader challenge of
distinguishing physiological versus pathological cardiac
adaptations through advanced imaging [40].

Figures 1,2 represent the echocardiographic images of
training induced cardiac hypertrophy [41] and hypertrophic
cardiomyopathy [42].

Table 1 Summary of echocardiographic findings in
associate with physiological and pathological cardiac changes
of sports person.
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Table 1: Summarizing the Echocardiographic Parameters Associated with Physiological (Athlete's Heart) and Pathological Features of Cardiac Remodeling in Athletes:

Physiological Characteristics Pathological Conditions Echo Parameters/ Findings

. Eccentric Hypertrophic remodeling, asymmetrical LV mass and volume increased, preserved
Left Ventricular (LV) . . . . . . . . .
Remodelin hypertrophy in endurance athletes, concentric | thickening, particularly in the septum | function. In HCM, hypertrophy with asymmetric [43,44]
g hypertrophy in strength athletes and anterior wall thickening; reduced function may occur
ET athletes: 1 HR; ST athletes: 1 HR;
Heart Rate (HR) Lower HR in endurance athletes (bradycardia) Normal or Increased Heart Rate athetes: ower athetes: norma [43,45]
HCM shows normal to elevated HR
Left Ventricular Twist| Lower LVT in endurance athletes due to more Impaired LVT may occur due to Lower in endurance athletes vs. strength athletes [4,43]
(LVT) efficient systolic function myocardial stiffness in HCM and controls. No change in HCM !
Higher E/A ratio i hletes, 1
Diastolic Function Enhanced diastolic filling in endurance Diastolic dysfunction in pathological inlitril;l {h ::hllgti_e;gqu::e :l}:mf] ler;' :;/::; [43,46]
(E/A Ratio) athletes conditions like HCM g g Y P

E/A ratio

Apical strain lower in endurance athletes
(-21.6%) compared to strength athletes (-26.8%) [43]

Reduced apical circumferential strain in

e . Reduced strain in pathological conditions
endurance athletes, indicating different p g

LV Strain (Speckle

Trackin, .g., HCM
cking) cardiac behaviour (e, HCM) and controls (-27.8%)
Left atrial dilation may occur in Increased LA size in athletes. LA enlargement in
Left Atrium (LA) Mild to moderate enlargement due to " . v . .g .
. . conditions like HCM, but functional HCM may also be observed but associated with [43,44]
Remodeling increased preload and volume load . . . .
impairment may be present atrial arrhythmias
Concentric thickening in strength athletes
Ventricular Wall Increased wall thickness, more marked in Increased, often asymmetric, wall (normal shape); h ertrgo hic Waﬁ thickening in [43,47]
Thickness strength athletes thickness in HCM (13-15 mm) pe; wp p . & ’
HCM, often asymmetric
Standard echocardiography with TDI and
. Use of conventional and advanced techniques . . . . . sraphy . .
Echocardio- . . Advanced imaging (MRI, genetic testing) = 2D strain is used to assess adaptations in the
) . like TDI, STE, and 3D echo for functional . . i : . [10,11]
graphic Techniques . may be used for HCM diagnosis athlete’s heart. MRI and genetic screening in
analysis
HCM
Significant LV wall thickness reduction with
Response to Reversible cardiac changes in athlete’s heart | No regression in pathological conditions g L E
e L . . detraining in athlete’s heart (3mm). No [46,47]
Deconditio-ning (reduction in LV wall thickness) like HCM . .
substantial change in HCM
Higher in athl with undiagn Echo hel ifferenti ween benign
Risk of Sudden Low in athletes with physiological heart gher In athletes . v . undiag (_)sed ¢ .0 elps differe t_ate bet .e.e be _g
. . HCM, arrhythmogenic right ventricular | adaptation and pathological conditions, with SCD [11,44,45]
Cardiac Death (SCD) remodeling . ) . . .
cardiomyopathy, or coronary anomalies risk evaluation as essential
LV septal strain decreases post-exercise (e.g.
Mild reduction in strain, particularly in Significant reduction in septal strain, i
Regional LV - particuarly gt Praistrait, v o btum: -24.4% vs. -21.4%). In HCM, similar
) the septum, due to RV-LV interaction post- reflecting hypertrophy and fibrosis in ) . [48]
Strain (Septal Wall) . or greater reductions due to hypertrophic
exercise. HCM. .
remodeling.
Initial stretching of cardiac m, for
tial st e.tc . g of cardiac myocytes be _0 N Excessive preload may contribute to | Increased end-diastolic volume (EDV); enhanced
contraction; increases stroke volume via o . . . e .
Preload ) . . conditions like volume overload, leading left ventricular filling; normal or increased [32-34]
the Frank-Starling mechanism; enhanced in o .
. . to chamber dilation. chamber size.
athletes, leading to greater cardiac output.
Resistance the heart must overcome to eject . . . .
. L ) Excessive afterload can contribute to Increased left ventricular wall thickness;
blood; chronic adaptation in endurance X . . L . .
Afterload . pathological hypertrophy, heart failure, = normal or increased ejection fraction; potential [32,35,36]
athletes can lead to left ventricular T . . .
or hypertension-induced cardiac stress. concentric remodeling.

hypertrophy, increasing stroke volume.

HCM: Hypertrophic Cardiomyopathy; ST: Strength Training; ET: Endurance Training

Figure 2: Echocardiographic images of hypertrophic cardiomyopathy
[4142].
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Summary of key findings

Athlete’s heart shows characteristic echocardiographic
adaptations, such as increased LV mass and volume with
preserved or enhanced systolic and diastolic function,
while pathological conditions like HCM exhibit asymmetric
hypertrophyandimpairedfunction[43,44].Enduranceathletes
tend to have lower heart rates and higher E/A ratios, while
strength athletes show concentric LV remodeling (Pelliccia,
et al. 2010; Alasti, et al. 2012). Differentiating athlete’s heart
from HCM involves assessing LV wall thickness, diastolic
function, and responses to deconditioning [11,43]. The risk
of sudden cardiac death is low in athletes with physiological
adaptations, but conditions like HCM may increase this risk
[11,44]. The role of preload and afterload in shaping the
athlete’s heart through physiological adaptations such as
increased stroke volume and left ventricular hypertrophy
[32-34]. While enhanced preload improves cardiac output via
the Frank-Starling mechanism, excessive preload may lead to
chamberdilation [32]. Similarly, chronic exposure to increased
afterload results in beneficial hypertrophy in athletes but
may contribute to pathological conditions like hypertension-
induced cardiac stress if excessive [35,36]. Echocardiographic
findings support these adaptations, demonstrating increased
end-diastolic volume and left ventricular wall thickness in
trained individuals [32].

Diastolic function and its implications for athletic
performance

Diastolic function significantly impacts overall heart
health and athletic capability. Endurance athletes exhibit
enhanced early left ventricular (LV) filling, as indicated by
higher E/A ratios and improved diastolic velocities, signifying
cardiovascular adaptations resulting from sustained exercise.
These individuals generally demonstrate effective myocardial
relaxation and increased ventricular compliance, which
facilitates superior cardiac filling during physical activity .
Conversely, strength athletes, who experience concentric
hypertrophy, may show changes in diastolic parameters, such
as decreased LV compliance or impaired filling, attributable
to their thicker myocardial walls [17,49]. Assessing
diastolic function using Doppler imaging and strain rate
echocardiography offers important insights into how these
adaptations affect athletic performance and recovery [50].

Pathophysiological considerations: When the

athlete’s heart becomes pathological

Elite athletes often experience left ventricular
hypertrophy as a normal physiological adaptation to intense
exercise, which can resemble hypertrophic cardiomyopathy
(HCM). Accurate differentiation between the two requires
a thorough evaluation, including medical history, ECG,
echocardiography, and advanced imaging techniques like
tissue doppler and MRI [51]. In contrast, arrhythmogenic
right ventricular cardiomyopathy (ARVC) is most commonly
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linked to prolonged, intense physical activity, particularly
endurance sports such as marathon running, triathlons, and
cycling, due to the sustained strain on the heart, especially
the right ventricle. High-intensity interval training (HIIT)
and competitive sports like football, rugby, and rowing can
also elevate the risk of arrhythmias and contribute to cardiac
remodeling. While exercise alone does not directly cause
ARVC, it may accelerate disease progression or reveal the
condition in individuals genetically predisposed to it [52].
Differentiating between athlete’s heart and arrhythmogenic
right ventricular cardiomyopathy (ARVC) requires a careful
multiparametric evaluation, including echocardiography,
ECG, clinical signs, and imaging techniques like CMR, to avoid
misdiagnosis and assess sudden cardiac death risk [53].

Cardiac hypertrophy in athletes may fall within a gray
zone between physiological adaptation and pathological
hypertrophy, requiring careful assessment to rule
out maladaptive changes and underlying conditions.
Overtraining, doping, and genetic factors can increase the
risk of cardiovascular issues and sudden cardiac death in
athletes, highlighting the need for thorough investigation
[54]. Sudden cardiac death (SCD) in athletes is often
caused by arrhythmias triggered by intense exercise, with
cardiomyopathies being the leading cause in athletes under
35 [55]. Hypertrophic Cardiomyopathy (HCM), affecting 1 in
500 people, causes arrhythmias and heart failure symptoms
[56,57]. Arrhythmogenic Cardiomyopathy (ACM), prevalent
in 1:1000 to 1:5000, leads to arrhythmias and sudden cardiac
death (SCD) in young athletes [58]. Genetic mutations in
beta-myosin heavy chain (MYH7), myosin binding protein
C (MYBPC3) (HCM), and desmoplakin proteins like DSP,
plakophilin PKP2 arrhythmogenic cardiomyopathy (ACM) are
involved [59]. Screening for these conditions remains a topic
of debate [60]. A study of 357 athletes who died suddenly
revealed that sudden arrhythmic death syndrome (SADS) and
myocardial diseases, such as arrhythmogenic right ventricular
cardiomyopathy (ARVC) and left ventricular fibrosis, were the
leading causes of sudden cardiac death (SCD), with intense
exertion triggering 61% of cases [61]. The findings emphasize
the importance of early detection and tailored preventive
strategies to address these risks [61]. While the majority
of athletes exhibit standard physiological changes in their
hearts, some individuals may develop pathological issues that
resemble these adaptations. Hypertrophic cardiomyopathy
(HCM), arrhythmogenic right ventricular cardiomyopathy
(ARV(C), and various other types of cardiomyopathies can show
structural alterations that overlap with characteristics of the
athlete’s heart. Important diagnostic indicators of pathological
conditions include abnormal myocardial workload, decreased
myocardial efficiency, and altered strain patterns, which can be
detected using advanced echocardiographic methods. These
conditions necessitate thorough evaluation to ensure precise
diagnosis and suitable management [11,21,62]. Intense
exercise can cause heart remodeling, potentially leading to
reduced ventricular function, arrhythmias, and increased risk
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of heart disease, requiring differentiation from pathological
conditions and consideration of performance-enhancing drug
effects [63]. Echocardiography plays a crucial role in screening
athletes for structural heart diseases that may lead to sudden
cardiac death (SCD), distinguishing between physiological
adaptations and early-stage cardiomyopathies using advanced
techniques like strain imaging [64]. Its high sensitivity and
specificity make it essential for primary prevention, helping
identify at-risk athletes before clinical symptoms arise [64].
Exercise stress echocardiography (ESE) helps differentiate
between normal athletic heart adaptations and pathologies,
offering insights into cardiac function, exercise capacity,
and arrhythmias. Despite challenges like interpretation
variability, its growing use in sports cardiology is crucial for
preventing sudden cardiac events in athletes [4]. Table 2
Represent the findings of the research report of different
researcher regarding pathophysiological considerations of
cardiac hypertrophy.

The “athlete’s heart” is a normal physiological adaptation
to intense exercise but can closely resemble conditions such
as hypertrophic cardiomyopathy (HCM) and arrhythmogenic
cardiomyopathy (ACM). As a result, a thorough evaluation,
including imaging and genetic screening, is essential for
accurate diagnosis [51,59,64]. Additionally, exercise-induced
arrhythmogenic right ventricular cardiomyopathy (ARVC),
commonly associated with endurance sports like marathons,
triathlons, and cycling, can also mimic ARVC due to the
sustained strain on the heart, particularly the right ventricle
[52]. Differentiating between athlete’s heart and ARVC can be
challenging and requires a comprehensive, multiparametric
evaluation, including imaging techniques such as cardiac
magnetic resonance (CMR), to avoid misdiagnosis and assess
the risk of sudden cardiac death (SCD) [53]. Early detection

5,

and accurate differentiation are crucial in preventing SCD in
athletes [56,60,61].

Exercise-inducedright heartremodelingin athletes

Long-term exercise and high pulmonary artery pressures
frequently cause substantial remodeling of the right heart
in endurance athletes. Increased right atrial (RA) and right
ventricular (RV) dimensions are part of this remodeling, and
they are necessary to sustain efficient cardiac output during
endurance exercises. Furthermore, because endurance
athletes have higher cardiac output, they may also have higher
pulmonary artery systolic pressures (PASP). However, when
strength athletes exercise in various ways, their right heart
exhibits more subtle modifications [16,65]. Clinicians who
work with athletes must have a thorough understanding of
the particular alterations in the right heart and how they affect
performance [20]. A meta-analysis by Dawkins, et al. [66]
demonstrated that athletes exhibit elevated right ventricular
(RV) systolic pressure, increased tricuspid annular
displacement and velocity, and region-specific functional
adaptations, distinguishing physiological remodeling from
pathology. These findings underscore the importance of
assessing both RV structure and function in evaluating the
athlete’s heart [66].

The Table 3 distinguishes physiological cardiac
adaptations, which maintain normal function and reverse
with deconditioning, from pathological hypertrophy, which
involves persistent structural changes and increased SCD
risk [6,8]. ECG differences, such as increased QRS voltage in
athletes versus T-wave inversions in pathology, highlight
the importance of advanced imaging for accurate diagnosis
[22,24,38].

‘Table 2: Pathophysiological Considerations in the Athlete's Heart.

Topic

Physiological Adaptation

Details

Left ventricular hypertrophy (LVH) occurs as a normal response to intense exercise, resembling
hypertrophic cardiomyopathy (HCM).

References

Khamis & Mayet [51]

Pathological Hypertrophy

Requires differentiation from HCM and other heart conditions, involving comprehensive
assessment with ECG, echocardiography, and advanced imaging.

Khamis & Mayet [51]

Exercise-Induced ARVC

Prolonged, strenuous physical activity, particularly endurance sports like marathon running,
triathlons, and cycling, can induce exercise-related ARVC due to sustained strain on the heart,
particularly the right ventricle.

Gasperetti, et al. [52]

Differentiation Between Athlete’s
Heart and ARVC

Diagnosing ARVC versus athlete's heart requires careful multiparametric evaluation, including
echocardiography, ECG, clinical signs, and imaging techniques like CMR, to avoid misdiagnosis
and assess sudden cardiac death risk.

D’Ascenzi, et al. 2018 [53]

Risk Factors for SCD

Overtraining, doping, and genetic factors increase risk of sudden cardiac death (SCD) due to
arrhythmias during exercise.

Abibillaev & Kocyigit [54]; Maron, et al. [55];
Finocchiaro, et al. [61]

Causes of SCD in Athletes

Cardiomyopathies (HCM, ACM, ARVC) are the leading causes of SCD in athletes under 35, with
arrhythmias as a common trigger during intense exertion.

Maron, et al. [56]; Alcalai, et al. [57];
Finocchiaro, et al. [61]; Corrado, et al. [58]

Genetic Factors

Mutations in genes such as MYH7 (HCM), MYBPC3 (HCM), and desmoplakin (ACM) are linked to
arrhythmias and SCD in young athletes.

El Hadi, et al. [59]

Screening Debate

Ongoing debate over the necessity and effectiveness of genetic screening for heart conditions
like HCM and ACM in athletes.

Modesti, et al. [60]

Key Diagnostic Indicators

Abnormal myocardial workload, reduced efficiency, and altered strain patterns detected via
advanced echocardiographic techniques.

Jumadilova, et al. [21]; D’Andrea, et al. [11];
La Gerche, et al. [62]

Role of Echocardiography

Echocardiography, including strain imaging, plays a crucial role in distinguishing between
physiological and pathological cardiac changes in athletes.

Radmilovic, et al. [64]

Exercise Stress Echocardiography
(ESE)

ESE helps differentiate normal athletic heart adaptations from pathological changes, assessing
exercise capacity and arrhythmia risk.

Palermi, et al. [10]

SCD Risk and Exercise

Intense exertion, especially with underlying heart conditions (e.g., ARVC, left ventricular
fibrosis), can trigger arrhythmic SCD in athletes.

Finocchiaro, et al. [61]; Carbone, et al. [63]
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Table 3: Physiological vs. Pathological Cardiac Adaptations in Athletes.

m Physiological Athlete’s Heart Pathological (HCM & ARVC)

Eccentric/concentric cardiac Marked hypertrophy,

LV Struct
ructure hypertrophy, normal function [6] asymmetric thickening [8]
DlaSt(?llC Normal or enhanced [6] Im.pa.lred relaxation, high
Function filling pressures [11]
ECG Findings Increased QRS voltage, T-wave inversions,

bradycardia [22] ST-segment depression [24]

Response to

Rest Persistent hypertrophy [8]

Reversible with deconditioning [37]

SCD Risk Low [38] High [8]

Conclusion

The phenomenon of the “athlete’s heart” represents a
fascinating interplay between the cardiovascular system
and prolonged intense physical training. While many of
the structural and functional changes observed in athletes
are benign and supportive of enhanced performance, it is
essential to distinguish between physiological adaptations
and pathological conditions, particularly in the context of elite
athletic populations. Advances in echocardiography, including
techniques like tissue Doppler imaging, strain rate imaging,
and 3D echocardiography, play a critical role in identifying
these adaptations and detecting early signs of cardiovascular
disease. These advanced imaging modalities enable a more
precise understanding of the athlete’s heart and help clinicians
differentiate between normal physiological remodeling and
pathological conditions, such as hypertrophic cardiomyopathy
(HCM) and arrhythmogenic right ventricular cardiomyopathy
(ARVC), which present with overlapping features.

Athletes undergo distinct cardiac adaptations based on
their training type —endurance athletes tend to exhibit
eccentric hypertrophy, while strength athletes demonstrate
concentric hypertrophy. Factors such as age, gender, and
ethnicity also modulate these adaptations, requiring tailored
diagnostic and management approaches. Moreover, while the
majority of athletes demonstrate healthy cardiac remodeling,
there is a critical need for vigilance in detecting pathological
conditions, especially given the potential risks of sudden
cardiac death (SCD) and arrhythmias. Early detection through
comprehensive screening, including echocardiographic
assessment at key life stages, is pivotal in ensuring the long-
term health and safety of athletes.

Continued research into the long-term cardiovascular
effects of intense physical activity, including the potential
risks of arrhythmias, atrial enlargement, and deconditioning,
is necessary. It is also crucial to explore the implications of
genetic predispositions and the effects of performance-
enhancing drugs on cardiac health. Ultimately, understanding
the athlete’s heart is essential for not only optimizing
performance but also preventing the tragic outcomes
associated with undiagnosed cardiovascular conditions.
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