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Abstract: Sudden cardiac death (SCD) in young athletes engaged in regular intensive training
represents a rare but highly significant clinical and social problem. Although the incidence is
low, SCD typically occurs unexpectedly during physical exertion or shortly thereafter, often as
the first manifestation of previously undiagnosed cardiovascular disease. The main etiological
factors include hypertrophic cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy,
myocarditis, dilated cardiomyopathy, and primary electrical disorders such as long QT syndrome. Risk
stratification is based on a comprehensive approach that involves clinical history, physical examination,
resting and exercise electrocardiography (ECG), echocardiography, and, in selected cases, genetic
testing. Recent consensus statements highlight the importance of improving ECG interpretation
criteria to reduce false-positive results in athletes. Preventive strategies include pre-participation
cardiovascular screening, continuous follow-up of high-risk groups, and timely intervention in
suspected cases.Equally important are emergency measures, including cardiopulmonary resuscitation
and rapid use of automated external defibrillators, which significantly improve survival outcomes.
Awareness of potential risk factors, combined with optimized screening protocols and personalized
decision-making, may reduce the incidence of SCD in the athletic population.
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Introduction

Although SCD among young individuals (under 35 years of age) engaged in regular sports
activities is a relatively rare event, its unexpected occurrence makes it a highly significant phenomenon
due to its social resonance, public debate, and the profound psychological impact on the victim’s
relatives. SCD is defined as an unexpected death resulting from cardiac arrest that occurs within one
hour of the onset of symptoms [1,22]. In such cases, the underlying heart disease may or may not
have been previously recognized, yet the fatal event is always unanticipated.

In most international publications, athletes younger than 35 years are typically referred to as
“young athletes.” In this population, SCD often represents the first clinical manifestation of previously
undiagnosed, life-threatening cardiovascular disorders, particularly when occurring during intense
physical activity. Retrospective analyses indicate that approximately 29% of SCD cases in this group
reveal identifiable structural or electrical cardiac abnormalities [2]. The final diagnosis is usually
established through postmortem investigations, including pathological, histological, and molecular
(genetic) autopsy techniques.

Epidemiology

The incidence of SCD in young individuals engaged in intensive sports activity is estimated at
0.3-3.6 cases per 100,000 persons, with male athletes being affected 13 times more often than their
female counterparts [3,29]. Among young individuals who are physically active in competitive sports,
the risk of SCD is 2.5 times higher compared to non-athletes [4,9]. Approximately 56—-80% of cases
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occur during physical activity, while nearly 46% are classified as sudden arrhythmic death syndrome
(SADS). The term SADS is applied when pathological and toxicological examinations fail to identify
a clear cause of death. Sports that place a particularly high hemodynamic load on the cardiovascular
system are more frequently associated with SCD or sudden cardiac arrest (SCA). Epidemiological
observations indicate that football and basketball carry a higher frequency of SCD compared to
other sports. Geographic variations are also evident: in France, Sweden, Spain, and Luxembourg,
cycling accounts for most SCD cases; in the United States, basketball; in Japan, baseball; in Italy and
Germany, football; and in Australia, running [5].

From an ethnic perspective, hypertrophic cardiomyopathy (HCM) is more prevalent among
Black athletes than in other racial groups [9,24]. Similarly, Brugada syndrome is reported more
frequently among athletes in Asia, particularly in Southeast Asia [23]. The highest rates of SCD are
seen in the 25-30 age group [4,5,7].

Although the majority of SCDs in athletes occur during exercise, cases are also reported during
rest or sleep. A recent study from the United Kingdom showed that 61% of athletes experienced
SCD during training, including 4% during fights or physical altercations. Among those who died at
rest, one-third experienced SCD during sleep [6].

Etiology

The causes of SCD in young athletes can be categorized into five major groups (see Table 1):
cardiomyopathies (HCM, arrhythmogenic right ventricular cardiomyopathy (ARVC), left ventricular
non-compaction, and dilated cardiomyopathy (DCM)); primary electrical disorders (channelopathies);
valvular diseases; coronary artery anomalies; and aortopathies.

A retrospective forensic study in Spain analyzed epidemiological data of 645 SCD victims aged
1-35 years between 2010 and 2017. Myocardial disease was diagnosed in 33 patients, with ARVC
being the leading cause (37%), followed by HCM (24%) and myocarditis (15%). Only five patients
had a prior diagnosis of cardiomyopathy. Notably, 85% of cases occurred during recreational sports
activity [8]. Although ischemic heart disease is rarely a cause of SCD in this age group, it becomes
one of the most common etiologies after the age of 35.

HCM is the most frequent inherited heart disease, occurring in 0.2% of the general population.
It is characterized by left ventricular hypertrophy (LVH) in the absence of abnormal hemodynamic
load. Electrocardiography (ECG) plays a crucial role in diagnosis, revealing abnormalities in over
90% of cases. Echocardiography typically demonstrates LVH, and in two-thirds of patients, left
ventricular outflow tract obstruction is observed either at rest or during exercise. HCM accounts for
2-36% of SCD in athletes and has been reported as the leading cause of SCD among young athletes
in several U.S. studies.

ARVC is another inherited disorder, defined by progressive replacement of myocardial tissue
with fibrous-fatty infiltration, predisposing to fatal arrhythmias. The condition is most commonly
associated with mutations in genes encoding cardiac desmosomal proteins and has an estimated
prevalence of 1:1000. Research has shown that ARVC is a major cause of SCD in athletes, particularly
in the Veneto region of Northern Italy. Geographical differences have been noted: in the U.S., HCM
predominates, whereas in Italy, ARVC is more frequent. These findings may also be influenced by
differences in screening protocols. For instance, since ECG abnormalities are present in over 90% of
HCM cases, widespread ECG screening in Italian athletes likely contributes to higher detection rates.

DCM, defined by dilation and systolic dysfunction of the left or both ventricles in the absence
of coronary artery disease sufficient to explain global systolic impairment, is a relatively rare cause
of SCD, accounting for 1-3% of cases. Myocarditis is particularly significant among inflammatory
causes, being responsible for 2-9% of SCD in young athletes, and diagnosis often relies on cardiac
magnetic resonance imaging (MRI) [10].

Another important group of conditions without structural heart abnormalities are channelopathies,
which contribute substantially to SCD cases. These disorders are caused by mutations in proteins
responsible for sodium, potassium, or calcium ion channel function, leading to abnormal myocardial
excitability and conduction. Recognized entities include Brugada syndrome, long QT syndrome,
short QT syndrome, catecholaminergic polymorphic ventricular tachycardia (CPVT), and early
repolarization syndrome.
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Coronary artery anomalies are implicated in up to 17% of SCD cases in the United States. These
include anomalous origin of the coronary arteries, interarterial courses, and myocardial bridges. In a
retrospective analysis of 30 cases, anomalous origin of the left coronary artery from the right sinus
of Valsalva was particularly associated with SCD during exertion (73% of cases occurred during
exercise, compared to 18% for anomalous right coronary artery from the left sinus).

Although valvular diseases rarely cause SCD in this population, mitral valve prolapse is com-
monly observed among athletes and has been associated with arrhythmic events [3,10].

Finally, in recent years, concern has grown regarding the impact of doping substances on the risk
of SCD among young athletes. However, reliable data are limited due to underreporting of illicit drug
use in sports. Substances such as anabolic steroids, growth hormone, and erythropoietin may increase
cardiovascular risk. In particular, under conditions of intense exertion, adverse environment, or acute
psychological stress, these agents may predispose to life-threatening ventricular tachyarrhythmias
[5].

Although the etiological factors leading to sudden death are diverse, the principal pathogenetic
mechanism is the occurrence of life-threatening arrhythmias—most commonly ventricular tachycardia
and asystole—which ultimately result in fatal outcomes.

Table 1. Major cardiovascular diseases causing sudden cardiac death in young athletes

Category Main conditions

Myocardial/structural
heart diseases

- HCM - ARVC - Familial/idiopathic DCM - Left ventricular noncompaction
cardiomyopathy - Toxic cardiomyopathy (alcohol, anabolic steroids, etc.) -
Acute and chronic myocarditis - Simple and complex congenital heart defects

Primary electri-
cal/conduction system
diseases

- Wolft—Parkinson—White (WPW) syndrome - Long QT syndrome - Short QT
syndrome - CPVT - Idiopathic ventricular tachycardia - Brugada syndrome -
Commotio cordis (sudden cardiac arrest due to chest impact)

Coronary circulation

- Congenital anomalies of coronary artery origin and course - Coronary

disorders artery disease (CAD)

Valvular heart diseases | - Bicuspid aortic valve ( moderate stenosis + aortopathy) - Pulmonary valve
stenosis ( moderate stenosis) - Mitral valve prolapse (associated with arrhyth-

mogenicity)

Aortic diseases - Aortopathy associated with bicuspid aortic valve - Idiopathic aortopathy /
thoracic aortic aneurysm - Marfan syndrome, Loeys—Dietz syndrome, Turner

syndrome - Ehlers—Danlos syndrome type IV (vascular form)

Clinical Screening for the Prevention of Sudden Cardiac Death in Athletes

Initial stage screening: The primary goal of screening among young athletes is to detect latent
cardiovascular diseases and assess the risk of SCD. However, due to the wide diversity of sports
disciplines, varying environmental conditions, and differences in athletes’ physical preparedness, it
is impossible to develop a universally standardized screening protocol and risk-assessment strategy
applicable to all athletes.

Screening must be sensitive enough to identify pathological conditions, while at the same time
avoiding the unnecessary disqualification of low-risk athletes from sports participation. Moreover,
screening should take into account population-specific risk factors that may differ among regions and
ethnic groups. For this reason, opinions on athlete screening remain divided. Some authors argue
that pre-competition screening is unnecessary, as SCD is a very rare event in young athletes and the
overall risk is considerably lower compared with the general population. In contrast, many experts,
influenced by the tragic and widely publicized cases of SCD in athletes, advocate for systematic
screening programs.

According to research, among approximately 100,000 screened athletes, only about 300 may
be identified as being at increased risk of SCD, and in some instances, none of these athletes may
experience sudden death within a year. The actual rate of SCD among “high-risk” individuals
is estimated at <0.33% (3.3 per 1,000 athletes), representing just 0.001% of the entire screened
population [12]. Furthermore, not all athletes flagged as ““at risk” are later confirmed to have a
clinically significant arrhythmogenic disorder.
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Screening programs are also highly costly. In the United States, it has been estimated that
saving one life would require screening 33,000 athletes at a cost of approximately 10.5 million USD.
In Italy, the cost for the same outcome is about 1.32 million USD. Thus, population-wide screening
presents major logistical and financial challenges. To date, only two countries — Italy and Israel —
have implemented state-supported nationwide athlete screening programs [3,11].

Currently, the American Heart Association (AHA) and the European Society of Cardiology
(ESC) provide differing recommendations regarding athlete screening. The AHA recommends
screening based only on medical history and physical examination, whereas the ESC additionally
advocates the use of a standard 12-lead electrocardiogram (ECG). Meta-analyses show that ECG is
approximately 5 times more sensitive than medical history alone, and 10 times more sensitive than
physical examination alone, for detecting conditions associated with SCD [21].

The AHA has developed a 14-element questionnaire that focuses on warning signs of cardio-
vascular disease in personal history (e.g., chest pain, syncope, dyspnea), as well as family history of
premature SCD or disability due to heart disease (see Table 2). While the AHA approach is less costly,
its sensitivity for predicting SCD remains limited. Physical examination is also included, comprising
bilateral blood pressure measurement, pulse assessment, and auscultation for heart murmurs [13,20].

Including ECG in screening increases the sensitivity of detecting cardiovascular diseases that
may lead to SCD. Several guidelines and expert consensuses have been developed to assist physicians
in correctly interpreting ECG findings in athletes, with the goal of maintaining sensitivity while
improving specificity. However, not all cardiac diseases that predispose to SCD in athletes necessarily
present with warning symptoms, even if an ECG is performed. Therefore, the importance of screening
tests aimed at identifying occult cardiovascular diseases prior to sports participation has been widely
debated.

Nevertheless, interpreting ECG results in athletes is often challenging. This is because physio-
logical adaptations to exercise may cause certain changes that are not pathological, but can mistakenly
be classified as abnormal by physicians with limited experience in sports cardiology. Over time,
the refinement of ECG interpretation criteria has led to a reduction in false-positive results. The
latest consensus has introduced the concept of the “borderline ECG,” allowing for more accurate
assessment (see figure 1) [5,11].

Borderline ECG
Isolated finding ®  Left axis deviation > 2 findings
= Right axis deviation
= LA enlargement
= RA enlargement
= Complete RBBB
Normal ECG Ah'_;_‘:";:"a' ECG

LVH or RVH
= Incomplete RBBB
= Early repolarization
ST-clevation followed by TWI

= ST segment depression
= Pathologic Q waves

= Complete LBBB

= QRS> 140ms

= Epsilon wave

= Ventricular pre-excitation
= Prolonged QT-interval
-

-

V1-V4 in black athletes
TWIV1-V3 in <16 years-old
Sinus bradycardia or arrhythmia
Ectopic atrial or junctional rhythm
1° degree AV block

Mobitz I, 2° degree AV block

Generally no further
investigation is required

Brugada type 1 pattern

Sinus bradycardia <30bpm
PR interval = 400ms

Mobitz 11, 2° degree AV block
31 degree AV block

=2 PVCs

Atrial tachyarrhythmias
Ventricular tachyarrhythmias

Second level investigation is
required

Figure 1. Algorithm for Interpreting ECG Changes in Athletes and Determining Subsequent Evaluation Steps

As noted above, the incidence and causes of SCD in athletes vary greatly depending on age, sex,
ethnicity, country, and type of sport. The effectiveness of any screening test is directly determined
by the characteristics of the target population. Therefore, it is unlikely that a single standardized
screening program would be equally effective across all groups.

The ESC Working Group on Sports Cardiology, the Working Group on Cardiac Rehabilitation
and Exercise Physiology, as well as the Working Group on Myocardial and Pericardial Diseases,
recommend systematic cardiovascular screening for young athletes. Such screening should be carried
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out at the initiation of sports participation, typically at the age of 12—14 years, and should be repeated
at least every two years thereafter. This approach provides the opportunity to detect the development

of certain conditions in a timely manner [25].

Table 2. AHA Questionnaire for Assessing the Probability of Sudden Cardiac Death in Athletes [20]

Item |

Question

Clinical Significance

A. Personal Medical History

Have you ever experienced chest pain, palpitations,
or shortness of breath?

May indicate underlying cardiac ischemia or ar-
rhythmia.

Have you experienced fatigue, dizziness, or severe
weakness during exercise or at rest?

Suggestive of cardiovascular compromise or ar-
rhythmogenic disorders.

Have you ever had fainting episodes?

Syncope can indicate life-threatening arrhythmias
or structural heart disease.

Have you ever fainted during exercise?

Strong predictor of SCD risk in athletes.

Have you ever had palpitations, tachycardia, or
episodes of arrhythmia?

May indicate primary arrhythmic disorders.

Do you experience excessive fatigue or reduced
exercise capacity?

Can signal cardiomyopathy or other functional car-
diac limitations.

Do you experience chest pain suggestive of angina?

May indicate ischemic heart disease.

B. Family History

Has any family member experienced SCD before
the age of 50?

Strong hereditary risk factor for SCD.

Is there a history of hypertrophic cardiomyopathy
(HCM), Marfan syndrome, or other hereditary car-
diovascular conditions in your family?

Genetic predisposition to structural heart disease.

10

Have there been cases of unexplained cardiac arrest
or death in your family?

Suggests possible inherited arrhythmogenic or
structural cardiac conditions.

C. Physical Examination

11

Atre there any cardiac murmurs?

May indicate valvular or structural heart disease.

12

Are femoral pulses diminished or absent (suggest-
ing possible aortic coarctation)?

Detects congenital vascular abnormalities.

13

Are there clinical signs of cardiomegaly?

Indicates possible cardiomyopathy or chronic car-
diac pathology.

14

Are there external physical features suggestive of
Marfan syndrome?

Identifies risk for aortic disease and associated com-
plications.

This approach is of critical importance for the management of athletes’ cardiovascular systems,
including pre-participation screening, clinical diagnosis, and risk stratification.

A study conducted in Italy provided the most reliable evidence regarding the effectiveness
of ECG screening. It demonstrated that identifying athletes with high-risk cardiac conditions and
excluding them from competitions could save lives. In the Veneto region, the annual incidence of
SCD among athletes decreased from 3.6 cases per 100,000 person-years before the implementation
of screening to 0.4 cases afterward, representing an 89% reduction [5].

However, it should be noted that in Israel, screening conducted with ECG and exercise testing
did not reduce the incidence of SCD among athletes.

Second- and Third-Stage Examinations

If the initial screening reveals positive findings suggestive of SCD risk factors, the athlete
should undergo additional invasive and/or non-invasive investigations. These may include Holter
monitoring, echocardiography, exercise testing, cardiac MRI, coronary CT angiography (CCTA),
invasive angiography, electrophysiological studies, electroanatomic mapping, and endomyocardial
biopsy. In some cases, these results may be necessary to determine whether the athlete can safely
participate in competitive sports [11,13].
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Medical History + Physical
Examination + ECG

Exercise stress testing Ambulat?ry .rhythm
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= Family history of premature CV disease
=  Focused cardiovascular exam
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\ Genetic testing Endomyocardial biopsy J

yd

In any part of the process consider referral to a cardiologist expert
in cardiovascular care of athletes

Figure 2. Pre-Competition Cardiovascular Screening Algorithm for Athletes

Holter Monitoring — Useful for patients with recurrent or reproducible symptoms such as
palpitations or syncope. In athletes with infrequent symptoms, continuous loop recorders are used.
These devices continuously record 1-3 minutes of ECG and save several minutes preceding an event
when a button is pressed.

Exercise Testing — Should be tailored to the type of sport that triggers arrhythmias in the
athlete, as standard exercise tests may not always reproduce clinical conditions. Arrhythmias may
appear at the start of exercise, disappear at peak exertion, and reappear during recovery, often
indicating benign extrasystoles. However, if arrhythmias increase with exercise, it may indicate
cardiomyopathy or channelopathy, raising the risk of dangerous arrhythmias during sports.

Echocardiography (ECHO) — Often the first step for morphological assessment. However,
in some cases, such as channelopathies, ECHO findings may be normal.

Cardiac MRI — Over the past decade, it has become a key non-invasive method for detailed
myocardial evaluation. It can detect hypertrophy not visible on ECHO, especially localized thickening
of the left ventricular wall. Gadolinium-enhanced MRI is considered the gold standard for diagnosing
myocarditis and arrhythmias caused by fibrosis. In a study by Andreini et al. (946 patients), CMR
identified structural cardiac pathology in 25.5% of cases and non-specific changes in 19.7%, even
when ECHO was normal. Myocarditis was the most frequently identified cardiomyopathy [15].

Contrast CT and Coronary Catheterization — Necessary for diagnosing congenital coronary
anomalies or atherosclerotic disease.

Electroanatomic Mapping, Endomyocardial Biopsy, and Transcatheter Ablation. If my-
ocardial pathology is suspected in second-stage examinations, electrophysiological studies and
electroanatomic mapping can be employed. New imaging technologies allow better characterization
of arrhythmogenic substrates, e.g., high-density mapping can localize ectopic impulse sources.

Endomyocardial biopsy (EMB) is necessary in certain cases because some myocardial diseases
can only be diagnosed this way, and their treatment strategies differ. However, due to technical
limitations, this method is currently not applied in Uzbekistan. In a study by Narducchi et al., 33
young patients (18 athletes, 15 non-athletes) were examined. Even when ECHO and CMR were
normal, EMB enabled a definitive diagnosis in 50% of athletes. Diagnoses included myocarditis (2),
arrhythmogenic right ventricular cardiomyopathy (1), and localized fibrosis (1) [17].

Genetic Testing

When no specific disease is identified through examinations, genetic testing is recommended.
Genetic analyses help uncover molecular mechanisms of SCD, identify new genetic markers, improve
diagnosis and prognosis, and develop preventive and therapeutic strategies. Ventricular arrhythmias
leading to SCD are often influenced by multiple genetic mutations. Genetic testing methodology
is also referred to as “molecular autopsy.” In athletes who experienced SCD without identifiable
pathological or histological cause, genetic testing is advised for relatives to detect primary cardiac
electrical disorders [26,27].

However, routine genetic testing is not conducted in all cases due to low yield or the discovery of
variants of uncertain or unknown clinical significance, particularly in individuals without suspicious
phenotypes or a positive proband [28,31].

Athletes and Cardiac Pathology
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The detection of a cardiac disorder in active athletes does not automatically necessitate a com-
plete cessation of physical activity; however, it requires careful ongoing monitoring and management.
In cases of sudden cardiac arrest (SCA), the prompt initiation of cardiopulmonary resuscitation
and the timely use of an automated external defibrillator can be decisive for survival. Even a short
delay of a few minutes following syncope can reduce the likelihood of successful rhythm restoration
by 7-10% [16]. Equally important is the skill level and preparedness of the first responder. In
many developed countries, sports facilities—particularly coaches—are trained through specialized
courses to provide immediate life-saving assistance. Athletes who survive an SCA are generally
recommended to receive an implantable cardioverter-defibrillator as a secondary preventive measure
to minimize the risk of recurrence [1,14,18].

Sport
team/organization \
/
@ —_— a—— QLS
/ . \ . .
@ Young athlete with CaCiodEs

cardiac disease

@‘@@

Open discussion

Current Gapsin Options on General principles
evidence knowledge the table of safety
Returntoplay -e— Shared decision making ———_

Figure 3. Decision-Making Algorithm for Athletes with Cardiovascular Disease

Recent evidence indicates a trend toward relaxing restrictions on intensive exercise for athletes
diagnosed with cardiac conditions. For example, patients with hypertrophic cardiomyopathy (HCM)
may now be permitted to participate in higher levels of physical activity, provided certain risk factors
are absent. Conversely, athletes with dilated cardiomyopathy (DCM) who carry an LMNA mutation
are strongly advised to avoid high-intensity sports, reflecting a Class III, Level C recommendation
[19].

Older, asymptomatic HCM patients without established SCD risk factors may, in selected
circumstances, engage in higher-intensity physical activity (Class IIb, Level C) [19].

In athletes with long QT syndrome, intense physical activity can precipitate arrhythmogenic
syncope or sudden cardiac arrest, particularly if the corrected QT interval (QTc) exceeds 500 ms;
in such scenarios, exercise is generally contraindicated [30]. However, individuals with a mild,
asymptomatic phenotype, controlled under beta-blocker therapy, may be considered for activity on
a case-by-case basis following expert evaluation. Similarly, athletes with positive genetic markers
but without clinical manifestations should still limit high-intensity exertion. Decisions regarding
participation must integrate multiple factors: the individual’s risk of SCD, the benefits of physical
activity, and the athlete’s personal goals and preferences. Dynamic monitoring may also be warranted
to ensure ongoing safety (Figure 3).

Conclusions

While SCD remains relatively uncommon among athletes, the increasing number of participants
in competitive sports elevates the significance of this issue. The types of underlying cardiac conditions
leading to SCD differ across populations, necessitating sport-specific and resource-appropriate
screening strategies. In general, a combination of clinical examination and ECG-based screening is
often sufficient, as demonstrated by the Italian experience, which led to a substantial reduction in SCD
incidents. Recent advances in imaging technologies, such as cardiac magnetic resonance (CMR) and
EMB, have further enhanced the ability to establish accurate diagnoses in athletes. For individuals
with identified cardiac system disorders, collaborative, individualized decision-making is critical to
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determine whether continued participation in physical activity is safe or whether restrictions should
be implemented.
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