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Sudden cardiac death in young people and athletes
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ABSTRACT

The sudden death of a young subject or athlete is a rare but tragic event. The most common mechanism of cardiac arrest
leading to sudden death is abrupt ventricular fibrillation as a consequence of an underlying cardiovascular disease. The culprit
diseases are often clinically silent and unlikely to be suspected or diagnosed on the basis of spontaneous symptoms. The long-
running Italian experience with medical evaluation of young individuals before their participation in sports has provided
compelling evidence that screening the young populations for at-risk cardiac diseases offers the potential to identify
asymptomatic athletes who have potentially lethal cardiovascular abnormalities and may protect them from the risk of sudden
death. In this review we will discuss cardiovascular causes of sudden death in young people and athletes with particular emphasis
on pathological findings and pathophysiology of sudden cardiac arrest. Occurrence of prodromal symptoms, possible early
diagnosis at preparticipation screening and early defibrillation in the sports arenas will also be addressed.

Introduction

The sudden death (SD) of a young subject or athlete,
though rare, is a tragic event, which devastates families,
institutions (high school, college, or professional
organization), the community, and sports medicine team.
It is widely publicized by media with the implication
that such a fatality is preventable. The beginning of the
year 2018 was notorious for SD in young athletes, with
three tragic events occurring in top-level athletes -
including a 31-year-old Italian soccer player, a 25-year-
old Croatian soccer player, and a 22-year-old Belgian
cyclist. These events have revived the debate regarding
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the need for a cardiovascular evaluation of young
individuals embarking on the career of athletes and the
best screening protocol.

The most common mechanism of cardiac arrest
leading to SD is abrupt ventricular fibrillation as a
consequence of an underlying cardiovascular disease.!
The culprit diseases are often clinically silent and
unlikely to be suspected or diagnosed on the basis of
spontaneous symptoms.?> The long-running Italian
experience with medical evaluation of young
individuals before their participation in sports has
provided compelling evidence that screening the
young populations for at-risk cardiac diseases offers
the potential to identify asymptomatic athletes who
have potentially lethal cardiovascular abnormalities
and may protect them from the risk of SD.?

This article reviews the epidemiology, the causes
and the mechanisms of SD in young people and
athletes and addresses risk stratification and
prevention strategies.

Epidemiology
Incidence

The assessment of the precise frequency of SD is
hampered by the retrospective nature of most
analyses. The risk of SD generally increases with age
and is greater in men. In the general population of
middle-age and elderly subjects the estimated rate of
SD ranges from 1-2/1000/year; in comparison, a
significantly lower incidence of fatal events has been
reported in young people and athletes (<35 years).>?
A prospective study in Italy reported a cumulative
annual incidence of SD of about 1 per 100,000 young
individuals.* Among the non-athletic young people the
incidence was 0.9/100,000/year, whereas the
prevalence of fatalities among young competitive
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athletes was estimated to be approximately 2.3 per
100,000 athletes per year. Thus, the incidence of
sudden death in athletes was 2.5-fold greater,
indicating that physical activity increases the risk of
sudden death in this age group.

Etiology

Although the final pathway of sudden death is
cardiac arrest, the involved mechanisms may be of
cerebral, respiratory or cardiac origin.*® Cerebral
sudden death in young people is usually caused by a
cerebral hemorrhage, either intraparenchymal or
subarachnoid, due to a rupture of a congenital berry
aneurysm. Respiratory sudden death is the
consequence of a sudden and severe obstruction of
airways, most often caused by an abrupt
bronchospasm in a young subject with allergic asthma.

Cardiovascular sudden death is unfrequently
caused by mechanical reasons (mechanical SD) such
as a spontaneous laceration or dissection of the
ascending aorta with rupture into pericardial cavity
and cardiac tamponade; the basic heart defect is an
elastic fragmentation of the aortic tunica media with
cystic medial necrosis, that most frequently occurs in
association with bicuspid aortic valve or isthmic
coarctation, or in the setting of Marfan syndrome.

Instead, the vast majority of young SD victims
have an underlying structural heart disease, which
provides a substrate for ventricular tachycardia/
fibrillation leading to cardiac arrest (electrical SD).

Atherosclerotic coronary artery disease is the most
common cause of SD in adults and elderly subjects.
Epidemiologic studies support the concept that in this
age group habitual physical activity may offer
protection over the long-term against cardiovascular
events. In fact, regular exercise prevents development
and progression of atherosclerotic coronary artery
disease by favorable effects on lipid metabolism and
weight reduction, and may enhance both coronary
artery plaque and myocardial electrical stability.>!33

Unlike older subjects, a broad spectrum of
cardiovascular substrates (including congenital and
inherited heart disorders) may underlie SD in young
people and athletes (age <35 years) (Table 1).!
Adolescent and young adults involved in physical
activity have approximately a 3 times greater risk of
SD than their non-athletic counterparts (Figure 1).5
However, sport is not itself the cause of the enhanced
mortality; rather, it acts as a trigger of cardiac arrest
in those athletes who are affected by cardiovascular
conditions which predispose to life-threatening
ventricular arrhythmias during physical exercise. This
reinforces the need for systematic cardiovascular
evaluation of adolescent and young individuals,
especially those embarking on physical activity, with
the aim to identify those with potentially lethal
cardiovascular diseases and protect them against the
increased risk of sudden death.
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Cardiomyopathies

Cardiomyopathies have been consistently
implicated as a leading cause of sports-related cardiac
arrest in young people and athletes. Hypertrophic
cardiomyopathy (HCM) has been reported to account
for more than one third of fatal cases in the United
States and arrhythmogenic right ventricular
cardiomyopathy/dysplasia (ARVC) for approximately
one fourth in the Veneto Region of Italy.> Other
cardiovascular substrates for sports-related SD in the
young include premature atherosclerotic coronary
artery disease, congenital coronary anomalies,
myocarditis, dilated cardiomyopathy, mitral valve
prolapse (MVP), conduction system diseases and
WPW syndrome.*

Hypertrophic cardiomyopathy, the most common
inherited heart muscle disease, is caused by mutations
of genes encoding sarcomeric proteins. The phenotype
of HCM is characterized by left ventricular
hypertrophy, which occurs in the absence of abnormal

Table 1. Cardiovascular causes of sudden death in
different age-groups.

Age >35 years
Atherosclerotic coronary artery disease

Age <35 years
Hypertrophic cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy/dysplasia
Premature coronary atherosclerosis
Congenital anomalies of coronary arteries
Myocarditis
Aortic rupture
Valvular disease
Preexcitation syndromes and conduction diseases
Ion channel diseases
Congenital heart disease, operated or unoperated

N 0 Athletes
E 3.54 RR=2.5 RR=2.8 B Non-athletes
T o3 CI=1834 C1=1.9-37
g p<0.001 p<0.001
2 2.5 r \ ( \
]
g ]
g 15 RR=1.7
2 14 C1=0.32-57
p =039 (NS)
0.5 - —
0 -

Noncardiovascular

Total Cardiovascular

Figure 1. Incidence and relative risk (RR) of sudden
death (SD) among young athletes and non-athletes from
total, cardiovascular and non-cardiovascular causes. See
the text for details. CI, confidence interval; NS, not
significant. Adapted from Corrado et al., 2003° with
permission.
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loading conditions. Left ventricular (LV) hypertrophy
may be either symmetric or asymmetric and is
associated with the reduction in LV chamber size with
increased myocardial stiffness, which may critically
impair diastolic LV filling and intramural coronary
blood flow. Dynamic LV outflow tract obstruction is
also demonstrable at rest or during exercise in a large
proportion of patients. The histopathologic hallmark
of HCM is myocardial disarray with widespread,
bizarre and disordered arrangement of myocytes
usually associated with interstitial and/or replacement-
type fibrosis (Figure 2A).3* Myocardial fibrosis is an
acquired phenomenon, in part related to abnormalities
of the intramural coronary arteries with luminal
narrowing (small vessel disease), which intervenes in
the natural history of the disease and contributes to the
arrhythmogenicity. HCM has been implicated as the
principal cause of SD during sports in the United
States. Cardiac arrest has been attributed to ventricular
fibrillation, which is triggered by the interaction
between adrenergic stimulation, such as that occurring
during physical exercise, and the underlying,
electrically instable cardiomyopathic substrate. The
diagnosis traditionally relies on the demonstration by
echocardiography of otherwise unexplained diffuse or
segmental LV wall and/or septal thickening >15 mm;
a lower cut-off value (>13 mm) is used in the context
of family members of affected individuals, especially
if they are mutation carriers. Cardiac magnetic
resonance imaging may provide additional diagnostic
and prognostic information given its ability to better
detect segmental LV hypertrophy in some regions,
such as anterior free wall, posterior septum or apex,
which are not wvisualized adequately by
echocardiography. Moreover, it allows a more
accurate wall thickness measurements and
identification of areas of intramyocardial late
gadolinium enhancement corresponding to scar tissue.
Affected patients are at increased risk of ventricular
arrthythmias and SD, heart failure, and
thromboembolism.?>37  Electrocardiogram (ECG)
abnormalities such as an increased QRS voltage,
pathologic “Q” waves, and repolarization changes
have been reported in up to 95% of patients with
HCM.*® This explains why preparticipation ECG
screening of young competitive athletes, which has
been in practice in Italy since 1982, has allowed
successful identification and mortality reduction of
athletes with HCM.*

Arrhythmogenic right ventricular cardiomyopathy
is an inherited cardiomyopathy characterized by
progressive loss of myocytes and replacement by fibro-
fatty tissue, which creates the substrate for
life-threatening ventricular arrhythmias (Figure 2B). In
its classical form the phenotypic manifestations
predominantly involve the right ventricle (RV), but
biventricular and left-dominant variants exist.
Molecular genetic studies showed that ARVC is
a genetic disorder resulting from defective desmosomal
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proteins, most often with an autosomal dominant
pattern of inheritance.***!' The clinical manifestations of
the disease usually occur between the second and forth
decade of life and consist of ECG depolarization and
repolarization changes, typically localized in the right
precordial leads (V1-V3/V4), structural abnormalities,
such as global or regional dilatation/dysfunction of the
RV and, most importantly, ventricular arrhythmias with
a left bundle branch block morphology, ranging from
isolated premature ventricular beats to sustained
ventricular tachycardia, which can degenerate into
ventricular fibrillation.*>* The diagnosis of ARVC
requires a combination of different criteria from various
categories such as: i) histopathological abnormalities
(fibro-fatty myocardial replacement) at endomyocardial

Figure 2. Leading causes of sudden cardiovascular death
in young competitive athletes. A) Hypertrophic
cardiomyopathy: short-axis cut of the heart specimen
showing asymmetric septal hypertrophy with multiple
septal scars (top); histology of the interventricular
septum revealing typical myocardial disarray with
interstitial fibrosis (bottom) (Heidenhain’s trichrome);
B) arrhythmogenic right ventricular cardiomyopathy:
section of the heart specimen along the right ventricular
infundibulum (left); panoramic histological view of the
right infundibular free wall showing wall thinning with
fibro-fatty  replacement (right) (Heidenhain’s
trichrome); C) atherosclerotic coronary artery disease:
histology of the proximal tract of the left anterior
descending coronary artery showing a non-obstructive
fibrous plaque complicated by luminal thrombosis due
to endothelial erosion (Heidenhain’s trichrome); D)
congenital coronary anomaly: gross view of the aortic
root showing both coronary ostia located in the right
coronary sinus, with left coronary artery arising from
the right aortic sinus of Valsalva and running between
the aorta and the pulmonary trunk. Adapted from
Corrado et al., 2011°* with permission.
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biopsy; ii) morpho-functional abnormalities consisting
of regional RV wall motion abnormalities (regional
akinesia, dyskinesia or bulging) p/us RV dilatation or
global RV dysfunction; iii) depolarization abnormalities
such as epsilon waves, delayed S-wave upstroke in V1-
V3 and late potentials on signal-averaged ECG; iv)
T-wave inversion; v) ventricular arrhythmias; and vi)
positive family history of ARVC or SD and/or
identification of a pathogenetic mutation by molecular
genetic testing.* ARVC has been demonstrated to be a
leading cause of SD in young people and athletes of the
Veneto region of Italy (up to 20% of cases), whereas in
the USA it is an uncommon substrate.>®* This finding
may depend on the experience of the pathologist or
coroner who performs post-mortem investigation as
ARVC is rarely associated with cardiomegaly and may
spare the LV, so that the affected heart may be
erroneously diagnosed as normal. Of note, in a British
study on SD in athletes, whose hearts were referred for
post-mortem to a tertiary center, the prevalence of
ARVC was similar (13%) to that found in the Italian
series.*® The left dominant variant of ARVC is
characterized by an early and predominant LV
involvement, as a result of a specific genetic
background.*’” At variance with the classic right-
dominant variant, the power of traditional investigations
including routine ECG and standard echocardiography
for the diagnosis of lefi-dominant ARVC is limited
because repolarization abnormalities and LV systolic
dysfunction, either regional or global, are observed in
a minority of affected patients. The reason is that the
fibro-fatty scarring process predominantly involves the
sub-epicardial and mid-mural myocardial layers, which
contribute less to ventricular contraction, and the
disease lesion can only be identified in the form of late
gadolinium enhancement using contrast-enhanced
cardiac magnetic resonance imaging.* Not surprisingly,
the incidence of SD in patients with the classic ARVC
variant has markedly decreased since the introduction
of ECG preparticipation screening, while the difficult-
to-diagnose left dominant variant is now an increasingly
emergent substrate at post-mortem.*-** Competitive
sports increase the risk of SD by 5-fold in adolescent
and young adults with ARVC.> Sports have also been
implicated as the most important environmental factor
promoting ARVC progression and worsening of the
disease arrhythmic substrate. Actually, genetically-
determined impairment of cell-to-cell adhesion may
predispose to myocyte detachment and death, mostly
under condition of increased mechanical wall stress
such that occurring during competitive sports.>!
Kirchhof et al.? demonstrated that in heterozygous
plakoglobin-deficient mice, endurance training
accelerated the development of right ventricular
abnormalities and ventricular arrhythmias. James et al.>
and Saberniak et al.** confirmed in clinical studies that
endurance sports and intense physical exercise increase
age-related  penetrance, risk of ventricular
tachyarrhythmias and occurrence of heart failure in
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ARVC desmosomal gene carriers. Ruwald et al.
reported that the absolute risk of malignant arrhythmic
events in ARVC patients who participated in
competitive sports reached 61% at 40 years of age. On
the other hand, early identification of affected patients
by preparticipation screening and disqualification from
competitive sports offers the potential to prevent SD.?
Accordingly, both European and American
recommendations for sports eligibility in patients with
heart diseases and the International Task Force
consensus document on ARVC treatment agree that
restriction from competitive sports of patients with
ARVC should be regarded as a therapeutic measure
aimed to reduce the risk of SD.368

Premature coronary artery disease

Premature coronary atherosclerosis is an important
substrate for SD even in young people and athletes
(Figure 2C). In these young subjects, coronary artery
disease exhibits distinctive characteristics in terms of
warning clinical prodromal and pathological features,
such as extent, site, and morphology of obstructive
atherosclerotic plaques.’®%° Young individuals dying
from premature coronary artery disease usually do not
have history of angina pectoris or previous myocardial
infarction and SD is often the first manifestation of the
disease. Exercise testing may fail to show myocardial
ischemia or  arrhythmias. Fatal coronary
atherosclerosis most often presents as a single vessel
disease that characteristically affects the proximal left
anterior descending coronary artery and is often due
to fibrocellular plaques (i.e., fibrous plaques with
intimal smooth muscle cell hyperplasia, so-called
accelerated atherosclerosis) and a preserved tunica
media in the absence of acute thrombosis. These
morphological features have been suggested to
underlie abnormal hypervasoreactivity, possibly
culminating in cardiac arrest by vasospastic
myocardial ischemia. Because of the scarcity of
warning symptoms and the limitation of exercise
testing, early identification of young subjects/athletes
with premature coronary atherosclerosis at risk of
ischemic cardiac arrest remains a challenge.

Congenital coronary artery anomalies

Anomalous origin of a coronary artery from the
wrong coronary sinus is a congenital malformation
with a silent clinical course, which may precipitate
sudden and unexpected ischemic cardiac arrest in
young competitive athletes (Figure 2D).?"> The most
frequent anatomic findings consist of both (left and
right) coronary arteries arising either from the right
or the left coronary sinus. In both conditions, as the
anomalous coronary vessel leaves the aorta, it adopts
an acute angle with the aortic wall, and, thus,
traverses between the aorta and the pulmonary trunk,
often following an aortic intramural course, with a
slit-like lumen.*%* Exercise-induced myocardial
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ischemia has been hypothesized to be caused by
aortic root expansion, which compresses the
anomalous vessel against the pulmonary trunk,
increases the acute angulation of the coronary take-
off, and aggravates the s/it-/ike shape of the lumen of
the proximal intramural portion of the aberrant
coronary vessel.

Congenital coronary anomalies are most often
undetectable by ECG screening, but they should be
suspected in young individuals or athletes who
complain of effort-induced either chest pain or
syncope. Although echocardiographic examination
may evidence the aberrant coronary artery, definitive
diagnosis relies on imaging tests such as cardiac MR
or CT-coronary angiography, which allow to
accurately demonstrate the anomalous coronary artery
origin and course.

Mitral valve prolapse

Mitral valve prolapse has been largely
underestimated as a cardiac pathology responsible of
SD in the athlete by general and forensic pathologists.
This may be explained by the traditional perspective
that MVP is a common valve variant with an
estimated prevalence in the general population of 2-
3%. Hence, it is deemed to be an uncertain or unlikely
cause of SD at post-mortem investigation. Although
it is generally regarded as a benign condition,
malignant ventricular arrhythmias and SD have been
reported; the incidence of SD in MVP has been
estimated to range from 0.2%/y to 0.4%/y in
prospective follow-up studies.®® Using rigorous
criteria for morphologic diagnosis (i.e., myxomatous
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mitral valve) at post-mortem, MVP has been
implicated in 7% of all cases of juvenile SD in the
Registry of the Veneto region of Italy. Recent
clinicopathologic studies on MVP patients with
arrhythmias or SD victims provided new insights into
our understanding of the underlying myocardial
substrate.® Revision of the histologic features in SD
victims demonstrated the presence of myocardial
fibrosis affecting both the inferobasal LV free wall
(under the posterior leaflet) and the papillary muscle
(Figure 3). The scarring process may be caused by the
mechanical stretch of the inferobasal wall and
papillary muscles secondary to the excessive mobility
of the valve leaflets caused by posterior systolic
curling, eventually leading to myocardial hypertrophy
and scarring.’” Most important, the presence and
location of myocardial fibrosis observed at histology
in SD victims was confirmed in living patients with
MVP and ventricular arrhythmias by demonstration
of late gadolinium enhancement at cardiac magnetic
resonance.®>®’ This suggests a promising role of
cardiac magnetic resonance for arrhythmic risk
stratification beyond traditional electrophysiological
markers. The athlete with at-risk arrhythmic MVP can
be identified at preparticipation screening based on
the following characteristics: a young adult (most
often woman) with a mid-systolic click at
auscultation, T-wave abnormalities on inferior leads,
complex ventricular arrhythmias with a right bundle
branch block morphology on ECG, and bi-leaflet
involvement of the mitral valve on echocardiography.
These clinical features may help to select a high-risk
subgroup of patients, which are candidates for further
evaluation by cardiac magnetic resonance.

Figure 3. Cardiac magnetic resonance findings in a young woman who survived out-of-hospital cardiac arrest secondary
to arrhythmic mitral valve prolapse. Out-of-hospital cardiac arrest occurring in a 29-year-old female with arrhythmic
mitral valve prolapse. Cardiac magnetic resonance (three chambers, long axis view) showed thickening and prolapse of
both mitral valve leaflets (A) and evidence of mid-myocardial late gadolinium enhancement affecting the basal

inferolateral left ventricular wall behind the prolapsing posterior mitral valve leaflet (B, arrow).
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Myocarditis

Either in its acute or healed forms, myocarditis
may provide a myocardial electrical substrate for life-
threatening ventricular arrhythmias and SD.
Post-mortem studies showed that fatal arrhythmic
events may be the result of a focal acute myocarditis
which is clinically silent and difficult to be detected
by endomyocardial biopsy.

Recent clinical and pathologic studies have
demonstrated that an isolated, non-ischemic LV scar,
due to either a healed myocarditis or an inherited
cardiomyopathy, may be associated with life-
threatening arrhythmias and SD in the athlete.*5° A
recent post-mortem study reported a 25% prevalence
of isolated, non-ischemic LV scar among the causes
of juvenile SD during exercise.* This substrate, which
can be evidenced in vivo as late gadolinium
enhancement at cardiac magnetic resonance, has been
shown to underlie exercise-induced ventricular
arrhythmias (Figure 4).* Furthermore, young athletes
showing ventricular arrhythmias with a right bundle
branch block pattern (suggesting a LV origin) and
isolated, non-ischemic LV  late-gadolinium
enhancement at cardiac magnetic resonance may
experience malignant arrhythmic events including
SD.* The diagnostic power of routine cardiovascular
tests for this condition is limited because ECG
changes and echocardiographic LV systolic
dysfunction, either regional or global, are found in a
minority of affected patients. The segmental nature of
myocardial fibrosis confined to small myocardial area
and involving outer wall layers (without reaching the
subendocardium which is the part of the LV that
contributes the most to myocardial thickening)
explains why the scar is usually undetectable by
echocardiography.*® The difficulty to identify affected
athletes by preparticipation screening makes this
condition one of most challenging and unpredictable
causes of SD during sports.

Other structural causes

Ventricular pre-excitation syndrome (WPW
syndrome) or progressive cardiac conduction disease
(Lenegre’s disease) may represent an uncommon
substrate for exercise-related SD.

Non-structural causes

A sizeable proportion of young people and athletes
who died suddenly (ranging from 5 to 25% of the
reported series) have no evidence of structural heart
diseases and the cause of their cardiac arrest is in all
likelihood related to a primary electrical heart disease
such as inherited cardiac ion channel defects
(channelopathies), including long and short QT
syndromes, Brugada syndrome and catecholaminergic
polymorphic ventricular tachycardia.>-?°

Long QT syndrome is a genetic disorder
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characterized by prolonged ventricular repolarization
(prolonged QTc interval) that predisposes to life-
threatening ventricular arrhythmias such as torsade de
pointes, which may degenerate into FV/SD. The
genetic background resides on defective genes
encoding ion channels that regulate myocyte action
potential. According to molecular genetics, different
variants of long QT syndrome can be considered.®®
Mutations of genes that encode potassium channels,
either IKs (LQT1) or IKr (LQT2), reduce potassium
current that, in turn, accounts for prolongation of
repolarization phase of the action potential and
lengthening of QT interval. LQT3 is caused by
mutations of SCN54 gene (sodium channel gene) that
alter the sodium channel inactivation with persistence
of a small inward current that causes prolongation of
early phase of repolarization. Different molecular
mechanisms may explain differences seen in clinical
manifestations. LQT1 patients are prone to syncope
or cardiac arrest during physical exercise, mostly
while swimming. On the contrary, LQT3 patients
show a bradycardia-dependent QT prolongation and
they experience SD events at rest (while sleeping).
LQT?2 subjects are more susceptible during emotions
and under acoustic stimuli.*”

Brugada syndrome is an inherited ion channel
disease characterized by the peculiar ECG pattern
consisting of right precordial coved type ST-segment
elevation (both spontaneous or induced by
pharmacologic sodium channel blockade) in
association with arrhythmia-related syncope/cardiac
arrest, inducibility at programmed ventricular
stimulation, or a familial history of SD. A cardiac
sodium channel gene (SCN5A4) mutation has been
detected in up to 30% of Brugada syndrome cases.”
Ventricular fibrillation leading to SD usually occurs at
rest and in many cases at night (during sleep) as a
consequence of an increased vagal stimulation and/or
withdrawal of sympathetic activity. Enhanced
adrenergic drive, such as that occurring during
physical activity, could have an inhibitory effect and
theoretically reduce the risk of SD. On the other hand,
the adaptation of the cardiac autonomic nervous
system to systematic training, which results in
increased resting vagal tone or during the post-
exercise recovery period may enhance the propensity
of athletes with Brugada syndrome to die at rest,
during sleep, or immediately after effort.”

Catecholaminergic ventricular tachycardia is an
inherited ion channel disease characterized by
exercise-induced polymorphic ventricular tachycardia
(most often with the so-called bidirectional pattern)
and the propensity to cardiac arrest due to VF.”?
Unlike long QT syndrome and Brugada syndrome,
this condition is not associated with abnormalities of
basal ECG and remains unrecognized unless the
athlete undergoes ECG stress testing. A genetically
defective ryanodine receptor has been reported to
account for an abnormal calcium release from the
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sarcoplasmic reticulum. Accordingly, the potential
arrhythmogenic mechanism is triggered activity due
to late after-depolarizations, which are provoked by
intracellular calcium overload and enhanced by
adrenergic stimulation such as that occurring during
sports exercise.”

Prevention of sudden death by cardiovascular
screening

Cardiovascular medical evaluation of young
populations offers the ability to identify asymptomatic
individuals who have potentially lethal cardiovascular

State of the art with an expert \v!press

abnormalities, and to protect them from the risk of
SD.74-78

Italy is the only country in the world where law
mandates that every young subject engaged in
competitive sports must undergo a clinical evaluation
to obtain eligibility before entering in competitive
sports.” A nationwide mass preparticipation screening
program, essentially based on 12-lead ECG, has been
in practice since 1982.37¢77 A flow chart illustrating
the Italian screening protocol is reported in Figure 5.7
The initial cardiovascular evaluation consists of
complete personal and family history, physical
examination including blood pressure measurement,
and 12-lead ECG.
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Figure 4. Life-threatening ventricular arrhythmias in an athlete with non-ischemic left ventricular scar. A) A 42 years-
old martial art player presenting with frequent and coupled premature ventricular beats with right bundle branch
block/superior axis morphology during exercise testing; B) the athlete experienced sustained ventricular tachycardia
during follow-up; C and D) contrast-enhanced cardiac magnetic resonance revealed a subepicardial/midmyocardial
stria of late-gadolinium enhancement involving the antero-lateral, lateral and inferolateral left ventricular wall. Adapted

from Zorzi et al., 2016% with permission.
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Medical history: The majority of conditions at risk
of SD during sports are genetically-determined diseases
with an autosomal dominant pattern of inheritance,
hence the importance of family history in identifying
affected athletes. The family history is considered
positive when close relative(s) had experienced a
premature heart attack or SD (<55 years of age in males
and <65 years in females), or in the presence of a family
history of cardiomyopathy, Marfan syndrome, long QT
syndrome, Brugada syndrome, severe arrhythmias,
coronary artery disease, or other disabling
cardiovascular diseases. The personal history is
considered positive in case of exertional chest pain or
discomfort, syncope or near-syncope, irregular
heartbeat or palpitations, and in the presence of
shortness of breath, or fatigue out of proportion to the
degree of exertion.

Sudden cardiac death in young people and athletes

include musculoskeletal and ocular features
suggestive of Marfan syndrome, diminished and
delayed femoral artery pulses, mid-or end-systolic
clicks, a second heart sound single or widely split and
fixed with respiration, marked heart murmurs (any
diastolic and systolic grade >2/6), irregular heart
rhythm, and brachial blood pressure >140/90 mmHg
(on >1 readings).

ECG: Twelve-lead ECG is considered positive in
the presence of one or more of the findings reported
in Table 2.7

The screening starts at the beginning of
competitive athletic activity that, for the majority of
sports disciplines, corresponds to an athlete’s age of
12-14 years. Preparticipation evaluation is repeated on
a regular basis (every one or two years) in order to
timely identify progression over the time of some

Physical examination: Positive physical findings diseases.

Young
competitive
athletes

l
o antnation,12-ead EEG

v v

neg_alhn positive
findings findings

l |

eligibility ::,:r:,::s:.:: further examinations
for competition disease | (echo, stress test, 24-h Holter,
cardiac MRI, angio/EMB, EPS)

diagnosis of
cardiovascular
disease

m according to
established protocols

Figure 5. Protocol of the Italian cardiovascular screening of young competitive athletes. The initial cardiovascular
evaluation consists of complete personal and family history, physical examination including blood pressure measurement,
and 12-lead electrocardiogram (ECG). Subjects who have positive findings at basal evaluation are referred for additional
testing, initially non-invasive such as echocardiography, 24-h ambulatory Holter monitoring, and exercise testing.
Alternatively, or in uncertain cases invasive tests such as contrast ventriculography (both right and left), coronary
angiography, endomyocardial biopsy, and electrophysiologic study may be necessary in order to confirm or rule out
suspected heart disease. Finally, subjects recognized to be affected by cardiovascular conditions potentially responsible
for sudden death in association with exercise and sport participation are managed according to the available
recommendations for sports eligibility. Adapted from Corrado et al., 2008 with permission.
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Efficacy of cardiovascular screening

HCM has been reported to be the leading cause of
SD in young competitive athletes, accounting for up
to 40% of athletic field deaths in the USA.® Although
echocardiography is the main diagnostic tool for
recognition of HCM, it is expensive and impractical
for screening large athletic population. The Italian
experience demonstrated that a protocol utilizing ECG
in addition to history and physical examination
successfully identifies HCM in the general population
of young competitive athletes.”® Among 33,735
athletes undergoing preparticipation screening at the
Center for Sport Medicine of Padova from 1979 to
1999, 22 (0.07%) showed definitive evidence, both
clinical and echocardiographic, of HCM. An absolute
value of screening sensitivity for HCM in young
competitive athletes cannot be derived from this study,
because systematic echocardiographic data were not
available. However, this 0.07% prevalence of HCM
in the Caucasian athletic population of the Veneto
Region of Italy, that was evaluated by history, physical
examination and ECG, is similar to that of 0.1%
reported in young Caucasian individuals in the USA,
assessed by echocardiography.®® This indicates that
Italian screening essentially based on 12-lead ECG
may be as sensitive as screening by echocardiography
in detecting HCM in the young population.
Echocardiographic study in addition to the basal
protocol does not seem to significantly improve the
efficacy of screening in identifying HCM. Pelliccia et
al. did not detect any HCM by routine
echocardiographic examination in 4450 elite athletes
previously cleared by ECG at preparticipation
evaluation.®!

Twelve-lead ECG offers the potential to detect (or
to raise clinical suspicion) lethal conditions (other than
HCM) manifesting with ECG abnormalities, such as
ARVC, dilated cardiomyopathy, long QT syndromes,
Lenégre’s disease, Brugada syndrome, short QT
syndrome, and WPW syndrome. Overall these
conditions (including HCM) account for up to two
thirds of SD in young athletes.

On the other hand, the possibility of detecting
young athletes with either premature coronary
atherosclerosis or anomalous coronary artery is
limited by the scarcity of baseline ECG signs of
myocardial ischemia.

Mortality reduction

It is noteworthy that none of the young athletes
with HCM who were identified in the Padua country
area by preparticipation athletic screening and
disqualified from training and competition died during
an average 8-year follow-up period.* This favorable
long-term outcome of former athletes with HCM was
the result not only of restriction from competitive
sports but also of the subsequent close follow-up and
clinical management aimed to prevent sudden death.
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These findings suggest that preparticipation screening
does not change merely the mode of death, from
exercise-related to exercise-unrelated death, but it
reduces mortality from HCM.

Subsequently, a time-trend analysis of the changes
in incidence rates and causes of SD in young people
and athletes age 12 to 35 years in the Veneto region of
Italy between 1979 and 2004, definitively
demonstrated that preparticipation ECG screening is a
life-saving strategy.> According to this time-trend
analysis, SD mortality from any cardiovascular cause
declined in Italian athletes sharply after the
introduction of a nationwide screening program in
1982. During the study periods there were 55 SD in
screened athletes (1.9 deaths/100,000 person-years)
and 265 deaths in unscreened non-athletes (0.79
deaths/100,000 person-years). The annual incidence of
SD in athletes decreased approximately by 90%, from
3.6/100,000 person-years in 1979-1980 to 0.4/100,000
person-years in 2001-2004, whereas the incidence of
SD among the unscreened nonathletic population did
not change significantly over that time (Figure 6).> The
decline in the death rate started after mandatory
screening was launched and persisted to the late
screening period. Compared with the pre-screening
period (1979-1981), the relative risk of SD was 44%
lower in the early screening period (1982-1992) and
79% lower in the late screening period (1993-2004).
Most of the reduced death rate was due to fewer cases
of SD from cardiomyopathies. Over the same time
interval, a parallel study examined trends in
cardiovascular causes of disqualification from
competitive sports in 42,386 athletes undergoing
preparticipation screening at the Center for Sports
Medicine in Padua. The decline of mortality from
cardiomyopathies paralleled the concomitant increase
in the number of athletes with cardiomyopathies (both
HCM and ARVC) who were identified by
preparticipation screening and disqualified from
competitive sports.

Most important, during the late-screening-period
the annual incidence of SD in screened athletes
became equal (in the 1999-t0-2000 period) and
decreased by 50% (in the 2001-t0-2004 period)
compared with that observed in unscreened non-
athletes (Figure 6). This finding suggests that the
extension of ECG screening to the non-athletic general
population of young people offers the possibility to
further reduce SD mortality in the young.

These data on the mortality reduction after the
implementation of the Italian preparticipation
screening program are based on the SD database in the
Veneto region of Italy which is unique, because cases
are collected according to a prospective study design
with systematic investigation of all young people (<35
years) who died suddenly and underwent a
standardized investigation of the heart by a team of
cardiovascular pathologists. The heart specimens, as
well as the clinical records of all SD victims since
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1979, are stored in the Registry of Cardiovascular
Pathology, University of Padua, allowing retrieval and
review of each case. This accounts for the greater
reliability of data on causes and trends of SD in Italian
young people and athletes, compared with reports
from other countries, which are based on a less
rigorous data collection.?*34

Cost-benefit considerations

The young age of the screened athletic population
and the genetic nature of the causes of SD in this age-
group profoundly impacts cost-benefit
considerations. Unlike older patients with coronary
artery diseases or heart failure, adolescents and young
adults diagnosed with a genetic disease at risk of
arrhythmic SD will survive for many decades with
normal or nearly normal life expectancy, thanks to
restriction from competition and prophylactic therapy
against life-threatening arrhythmias.®® This large
amount of life-years saved influences cost-
effectiveness analysis and explains why all reports on
ECG screening of young individuals have provided
cost estimates per year of life saved well below
50,000 USD, which is the traditional threshold to
consider a health intervention as cost-effective.®® The
benefit of preparticipation evaluation goes beyond the
detection of index athletes with an inherited heart
disease because it enables cascade screening of
relatives and results in a multiplier effect for
identifying other affected family members and saving
additional lives.

45~
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Prevention of sudden death by automatic
external defibrillator

The screening sensitivity for cardiovascular
disorder responsible of SD in the young is not 100%.
The screening ability to detect young competitive
athletes with either premature coronary atherosclerosis
or anomalous coronary artery is limited by the scarcity
of previous symptoms and baseline ECG signs of
myocardial ischemia.>* Moreover, there are other at-
risk substrates such as early/minor forms of
cardiomyopathies and segmental, non-ischemic LV
fibrosis that can be missed by routine cardiovascular
evaluation. This justifies the growing efforts to
implement secondary prevention strategy based on
early external defibrillation of unpredictable
arrhythmic cardiac arrest. In fact, the most important
factor influencing survival from sudden cardiac arrest
is the access to rapid defibrillation through on-site
automatic external defibrillator (AED). Public access
to AEDs has been successful in improving survival (up
to 52%) from out-of-hospital cardiac arrest in many
settings including casino, airlines, and airports. These
favorable results were obtained in individuals with a
mean age >60 years that most likely experienced an
ischemic cardiac arrest due to atherosclerotic coronary
artery disease. Limited research is available regarding
early defibrillation programs for prevention of SD in
young people and athletes. Concerns have been raised
about the effectiveness of early defibrillation of
sudden cardiac arrest occurring in the young athletic

— Athletes
= = = = Nonathletes

1978-  1981- 1983 1985-  1987- 1989- 1991- 1993- 1995 1997- 1999-  2001-  2003-
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004
Years

Figure 6. Annual incidence rates of sudden death (SD) among screened competitive athletes and unscreened non-athletes
12-35 years of age in the Veneto Region of Italy. During the study period (the nationwide pre-participation screening
program was launched in 1982), the annual incidence of SD in screened athletes declined by 89% (P for trend <0.001);
in contrast, the incidence rate of SD in unscreened non-athletes did not demonstrate consistent changes over time. Note
that during late-screening-period, the annual incidence of sudden cardiovascular death in screened athletes became equal
in the 1999-t0-2000 period and lower than that observed in unscreened non-athletes in the 2001-to-2004 period). Adapted
from Corrado et al., 2006° with permission.
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population with different causes of cardiac arrest,
mostly consisting of cardiomyopathies, compared
with older people suffering VF from coronary artery
disease. Drezner ef al. reported the experience on 1710
US high schools with free-standing AED program and
demonstrated an improved survival rate for young
people and athletes with sudden cardiac arrest if early
defibrillation is achieved.’” Twenty-three of the 36
sudden cardiac arrest victims (64%) survived to
hospital discharge, including 9 of 14 students-athletes
(64%) and 14 of 22 older non-students (64%).
Although this was a retrospective cohort study, the
results of successful early defibrillation are very
encouraging and support the implementation of AED
programs to prevent SD in young people and athletes.

Future perspectives

The future for prevention of SD in young people
and athletes relies on continuing efforts to better
understand the substrates and mechanisms underlying
arrhythmic cardiac arrest, with particular reference to
genetic disorders predisposing to ventricular
fibrillation in the absence of structural heart disease.

The extraordinary advances in molecular genetics
during the last two decades have led to identification
of a growing number of defective genes involved in
the pathogenesis of inherited cardiomyopathies,
including cardiac ion channel disorders. It is hoped
that in the near future genetic molecular tests for
definitive preclinical diagnosis of heart muscle
diseases at risk of sudden cardiac death in the young
will be clinically available, in order to allow more
focused and efficient preventive strategies.
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