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Abbreviation list

AMI acute myocardial infarction
ARVC arrhythmogenic right ventricular cardiomyopathy
BrS Brugada syndrome
CACS coronary artery calcium score
CAD coronary artery disease
ChD Chagas heart disease
CMR cardiac magnetic resonance
CPVT catecholaminergic polymorphic ventricular tachycardia
CTCA computed tomography coronary angiography
CV cardiovascular
DCM dilated cardiomyopathy
EAPCR European Association for Cardiovascular Prevention

and Rehabilitation
HCM hypertrophic cardiomyopathy
LGE late gadolinium enhancement
LQTS long QT syndrome
LV/RV left/right ventricle
LVH left ventricle hypertrophy
NSVT non-sustained ventricular tachycardia
PPE preparticipation evaluation
PVC premature ventricular contractions
SCA/
SCD

sudden cardiac arrest/death

TTE transthoracic echocardiography
VF ventricular fibrillation
VT ventricular tachycardia

Introduction
Sudden cardiac death (SCD) associated with athletic activity is a rare
but devastating event. Victims are usually young and apparently
healthy, and while many of these deaths remain unexplained, a sub-
stantial number of victims harbour an underlying and potentially de-
tectable cardiovascular (CV) disease.1– 4 The vast majority of these
events are due to malignant tachyarrhythmias, usually ventricular
fibrillation (VF) or ventricular tachycardia (VT) degenerating into

ventricular fibrillation (VF), occurring in individuals with arrhythmo-
genic disorders (e.g. hypertrophic cardiomyopathy, arrhythmogenic
cardiomyopathy, channelopathies). Intensive exercise training and
competitive sport participation is a trigger that may favour insur-
gence of ominous ventricular tachyarrhythmias in predisposed indi-
viduals.5 Consequently, there is a great interest in early identification
of at-risk individuals for whom appropriate treatment, followed or
not by physical activity adjustment, may be implemented to minim-
ize the risk of SCD. However, the role of pre-participation evalu-
ation (PPE) in athletes as a feasible and efficient strategy to
identify individuals at risk has remained controversial.

There are several points that have been debated in the recent
years, including the actual incidence of acute cardiac events in the
athlete’s population, the diagnostic capability, as well as the specifi-
city and sensitivity of the testing commonly in use to identify the car-
diac conditions at-risk (particularly, but not only,6 12-lead ECG), the
impact of the screening protocols on the clinical outcome, and final-
ly the cost/efficacy considerations.

The target of this document is ‘athletic participants’, here defined
as individuals of any age, either amateur or professional, who are en-
gaged in regular exercise training, independent of the competitive
status. We acknowledge that not uncommonly athletic participants,
regardless of the level of achievement, have the inclination to exert
physically up to their limits to improve performance.

The purpose of the present position paper promoted by EHRA
and EACPR and endorsed by APHRS, HRS, and SOLAECE, is to
review the scientific evidence regarding the appropriate diagnostic
methods to identify the cardiac conditions at risk in the athletic
population, discuss the role of the different tests in the context
of PPE and, finally, offer the consensus opinions relative to the
most efficient pre-participation screening to improve safe sport
participation, according to the current scientific evidence and—if
necessary—to update the last recommendations on this topic.7,8

Notably, consequences of PPE such as the most appropriate med-
ical treatment for a certain condition or criteria to be used for dis-
qualification from intensive exercise are discussed elsewhere.7,9 –12

Our interest for safe sport participation is dictated by the aware-
ness that exercise and sport activities are already a component of
the lifestyle in a large subset of our societies, and are recommended
by the current guidelines for maintaining CV health and preventing
disease.13

Incidence of sudden cardiac death
in athletes
Sports-related SCD is usually defined as sudden and unexpected
death occurring during, or shortly after, exercise (with varying
time intervals up to 24 h used by different investigators), if witnessed
by a bystander and/or happening in an individual who was otherwise
known to be healthy. The true incidence of SCD in athletes remains
uncertain. Nonetheless, its answer is important to gauge the effect
of measures to reduce it, i.e. PPE.

A good overview of existing datasets was recently provided by
Harmon et al.14 The problem in determining the magnitude of the
incidence of SCD lies in multiple factors. Calculation requires exact
estimates of both the numerator (how many athletes died sudden-
ly?) and the denominator (how large is the population in which these
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cases developed?). Indeed, in an era with more rapid response sys-
tems and on-site availability of automatic external defibrillators, not
only fatalities need to be counted (i.e. sudden death), but also sur-
vivors of sudden cardiac arrest (SCA).

Very few studies are rigorous in the estimates of both the numer-
ator and denominator. Since age has an important impact on the in-
cidence of sports-related SCDs, it is also important to clearly define
the age groups when describing estimates. Finally, from a public
health perspective, both sudden deaths of athletes during sports
and during rest should be recorded.

As an overall estimate, 1 to 2 out of 100 000 athletes between the
age of 12 and 35 years die suddenly each year.2,3,5,15 – 17 The most
robust data come from Italian studies, relying on mandatory report-
ing of SCDs and on good population demographics, since Italian law
mandates regular medical evaluation in all participants of organized
sports.5,18 Retrospective US cohort studies in college athletes,17 a
prospective observational study in high-school athletes,19 and stud-
ies in active US military recruits20 reported similar figures.

On average, the Italian experience suggests that there is a three
times higher incidence of SCDs in athletes (estimated at 2.3 per
100 000 individuals) than in non-athletes (0.9 per 100 000 indivi-
duals).5 Recently, however, Danish investigators could not repro-
duce these results and found a reduced SCD in athletes.21 Sport
is not considered in itself the cause of the enhanced mortality; ra-
ther, it acts as a trigger of life-threatening ventricular arrhythmias
and SCA in predisposed individuals. The incidence of SCD is similar
in competitive and recreational athletes.16

The incidence is highly gender-dependent, with rates in females
being 2–25 times lower than in men, the reasons of which are not
well understood.2,5,14,17 – 19 The incidence also steeply increases
with age, being about 5–10 times higher in those over 35 years old
compared to younger athletes.2,14,17–19 Italian and US data did not
demonstrate a clear correlation between type of sports and SCD/
SCA incidence.2,14,17–19 On the other hand, however, data from high-
school and college athletes in the US point to specific athlete popula-
tions with increased incidence: particularly black athletes (5.5/
100 000) and male basketball players (.10/100 000) seem to have
a higher risk.2,14 Again, the causes for these associations are not clear.

Efforts should be made to set up better registration of sports-
related SCDs. The deficiencies of relying on media reports or insur-
ance claims databases have been shown.2,14,22 Good registration
requires nationwide reporting of death, including description of
the circumstances of death in relation to exercise, and of the habit-
ual exercise level of the deceased. Ideally, this should be comple-
mented with a uniform evaluation by autopsy and post-mortem
genotyping.22

Causes of sudden cardiac death
in athletes
We will review the main characteristics of the most frequent and
emergent cardiovascular conditions involved in SCD. It should be
noted, though, that the most common conditions are variable de-
pending on factors such as age and geographical localization of the
studied population. A brief overview of these conditions are sum-
marized in Table 1.

Hypertrophic cardiomyopathy
Hypertrophic cardiomyopathy (HCM) is defined by left ventricular
hypertrophy (LVH) that is not solely explained by abnormal loading
conditions. Most recent guidelines do not make a priori assumptions
about aetiology or pathology. Under this definition, mutations in
genes encoding sarcomeric proteins account for 60% of young
and middle-aged cases.9 HCM is one of the most common condi-
tions in young athletes. The prevalence of phenotypically overt
HCM has been estimated at 1:500 in European, American, Asian,
and African populations.9,25,26 Familial evaluation suggests that
most individuals who carry disease-causing mutations will have in-
complete penetrance, not uncommonly presenting with an abnor-
mal electrocardiogram but without fulfilling conventional imaging
diagnostic criteria.27 Therefore, the prevalence of HCM-causing
mutations is likely higher, in the range of 1:200.26

Patients may remain asymptomatic over a long course of their dis-
ease. Clinical manifestations may include heart failure and atrial fib-
rillation, whereas SCD can be the first disease manifestation in
others.9 A recently published clinical risk prediction model provides
a 5 year sudden death risk estimation upon which preventive strat-
egies could be established.28

Exercise and sport in HCM patients. In most series, primarily from
the U.S., HCM is the most common cause of SCD in young indivi-
duals engaged in competitive sports.14,23 Strenuous exercise ex-
poses individuals with HCM to an increased vulnerability because
of potential triggers [e.g. ischaemia, left ventricle (LV) outflow tract
obstruction, abnormal vascular responses, atrial fibrillation] for
hypotension and ventricular arrhythmia.

Diagnosis. Diagnosis of HCM requires imaging testing
(2-dimensional echocardiography or magnetic resonance imaging);
an otherwise unexplained LVH, with wall thickness ≥13 mm in fe-
males, ≥15 mm in males, or . three standard deviations from the
body surface area-adjusted average is considered diagnostic.9

Distinguishing athlete’s heart from HCM may require consider-
ation of the broader HCM phenotype when LV wall thickness is in
the range of 13–15 mm (i.e. the ‘gray-zone’).29–31 Useful criteria in-
clude (Table 2): enlarged LV cavity size (≥55 mm, common in ath-
letes, very rare in HCM), maximum LV wall thickness .15 mm and
asymmetric distribution of LV wall thickening (consistent with HCM),
markedly enlarged left atrium (possible in athletes, common in
HCM). Left ventricle filling and relaxation patterns (with e′ peak-
velocity .11.5 cm/s on tissue Doppler analysis) are consistently nor-
mal in athletes whereas diastolic function is often impaired in HCM.

Cardiac magnetic resonance imaging (CMR) provides better im-
aging quality and more accurate wall thickness measurements than
echo in the distal LV and lateral wall, and is required for diagnosis
particularly when LVH is completely (or predominantly) limited
to anterior free wall, posterior septum or apex. Moreover,
contrast-enhanced CMR with late gadolinium enhancement (LGE)
can detect areas of myocardial fibrosis. Late gadolinium enhance-
ment, often in a patchy, multifocal mid-myocardial distribution is
common in HCM, particularly in the regions of hypertrophy.

Abnormal ECG patterns are common in HCM patients (up to
90% of probands) and may be present in advance of the appearance
of imaging LVH.32,33 A variety of ECG alterations have been
reported in patients with HCM, but no single pattern can be
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considered as the hallmark of the disease. However, certain abnor-
malities (e.g. T-wave inversion in inferior-lateral leads, pathological
Q waves, left axis deviation,) usually represent the earliest and
most sensitive disease manifestation in HCM.32,33 Nevertheless,
such changes may be seen in up to 5% of white and 15% of black elite
athletes in the absence of diagnostic imaging abnormalities.34,35 Ap-
propriate interpretation of such ECG abnormalities requires evalu-
ation of the LV phenotypic features, the family background, type of
athletic training, and in some instances the molecular genetics.35,36

Additional non-invasive testing to solve the differential diagnosis
include assessment of exercise capacity and presence of occult ar-
rhythmia (exercise test, 24 h ECG), while serial imaging tests may
demonstrate the LVH regression in athletes after a period of com-
plete deconditioning.

Genetic testing has been advocated for providing a definitive diag-
nosis of HCM in athletes with borderline LV wall thickening. How-
ever, interpretation of an identified genetic variant is often
problematic and the yield for a positive genetic test result in the ab-
sence of a familial HCM does not exceed 20%. Current guidelines
recommend mutation analysis in certain borderline patients after
a thorough assessment by specialized teams or when screening re-
latives has been planned.9

Arrhythmogenic right ventricular
cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a pro-
gressive inherited heart muscle disease characterized by ventricular
electrical instability which may lead to arrhythmic SCA, mostly in
young people and athletes.37,38 Prevalence estimations range from
1 in 1000 to 1 in 5000 in the general population.10 Molecular genetic
studies showed that ARVC is a genetic disorder resulting from de-
fective desmosomal proteins, generally with an autosomal dominant
inheritance.39,40 The pathological hallmark of the disease is the pro-
gressive loss of myocardium with subsequent myocyte death and
fibro-fatty scar, which predisposes to life-threatening ventricular
arrhythmias.10,37,38,41

Exercise and sport in ARVC patients. Physical activity may trigger ven-
tricular arrhythmias in some patients with ARVC. A retrospective

study suggested that competitive sports activity was associated with
a five-fold increased SCD risk in adolescent and young adults with
ARVC.5 Sport has been implicated as a factor promoting disease pro-
gression (Figure 1),42–44 but definitive confirmation is lacking. Genet-
ically determined impairment of cell-to-cell adhesion may lead to
myocyte death due to mechanical stress occurring during exercise
and sports activity.42

Recent data suggest that an ARVC-like disease might be asso-
ciated with intense endurance exercise in the absence of demon-
strable desmosomal alterations; this form is addressed later in the
‘Exercise as a promoter of cardiac injury’ section.

Diagnosis: Diagnosis of ARVC is based on the criteria originally
proposed by an International Task Force in the 1994,45 later revised
in 2010.46 The diagnosis is based on combination of multiple sources
of information, i.e. genetic, electrocardiographic, arrhythmic,
morpho-functional, and histopathologic findings.46

The ECG is of particular value in raising suspicion for ARVC, in
consideration that ECG abnormalities are present in the majority
of patients (up to 80%) (Figure 2).37,38,46– 48 The most common ab-
normalities include prolonged QRS duration ≥110 ms, inverted
T-waves in the right precordial leads (V1–V3) or beyond in the ab-
sence of complete right bundle branch block in individuals .14
years old, or late potentials by signal averaged ECG in up to 74%
of ARVC patients.46 Epsilon waves (low amplitude potentials at
the end of QRS complex) are also common, but show a low inter-
observer reproducibility.49 Ventricular arrhythmias such as prema-
ture ventricular contractions (PVCs) or non-sustained/sustained
ventricular tachycardia (NSVT) are relatively common in ARVC pa-
tients and typically present with a left bundle branch block pattern
and either superior or inferior axis.37,38

Echocardiography, right ventricular (RV) angiography, and CMR
may show a globally enlarged RV cavity, but wall motion abnormal-
ities such as bulging and aneurysms in the RV wall may precede the
RV dilation.50 CMR also allows the identification of areas of altered
signal intensity, consistent with fatty replacement, and ventricular
LGE corresponding to fibrotic scars into the RV and/or the LV. Con-
versely, athletes (mostly engaged in endurance disciplines) usually
present an enlarged RV in association with enlarged LV, with pre-
served global RV function and, most important, in the absence of
segmental wall motion abnormalities.46 Not uncommonly, however,
imaging testing may present only mild, if any, abnormality despite oc-
currence of clinically relevant tachyarrhythmias in ARVC patients.51

Genetic diagnosis of ARVC might be useful in certain cases for
family screening purposes, as affected relatives might benefit from
timely treatment and lifestyle modifications.39,52

Coronary congenital abnormalities
Coronary arteries arising from an anomalous sinus in the aortic root
are the most common coronary artery congenital anomalies.
Roughly 0.5–1% of individuals are affected, most frequently with a
right coronary artery originating from the left coronary sinus.53

Most patients remain clinically silent and undiagnosed, while some
will develop ventricular ischaemia and, a minority, present with
SCD as a first manifestation. The risk of CV complications, including
SCD, is higher in those patients with a left coronary artery originat-
ing in the right coronary sinus or those coronaries coursing between
the aorta and pulmonary artery.53

Table 2 Factors supporting an athlete’s heart diagnosis
(vs HCM) in athletes with a LV hypertrophy in the ‘grey
zone’ (i.e. LV wall thickness 13–15 mm)

Supporting ‘athlete’s heart’

Clinical
Lack of HCM family history30

Absence of diffuse T-wave inversion in ECG30

Cardiac magnetic resonance imaging
Homogenous distribution of LV hypertrophy
Lack of LGE areas in the LV (myocardial fibrosis)

Echocardiography

Normal or Enlarged LVEDD (≥55 mm)
Symmetric (IVS and PW, base to apex) LV hypertrophy
Normal diastolic function (E/A ratio .1; e′ peak velocity .11.5 cm/s)

LV hypertrophy regression after complete deconditioning

Lack of known HCM-causing mutations in genetic testing

L. Mont et al.144
D

ow
nloaded from

 https://academ
ic.oup.com

/europace/article-abstract/19/1/139/2498630 by guest on 09 N
ovem

ber 2018



Exercise and sport in individuals with coronary anomalous origins:
Strenuous efforts might trigger ventricular ischaemia and electrical
instability leading to VF. Some series point anomalous origin of a
coronary artery as the second most common cause of SCD in ath-
letes (Table 1).2,23 Coronary congenital abnormalities have been as-
sociated with a nearly 80-fold increased risk of SD.3 Notably, nearly
half of athletes who die because of coronary arteries with an anom-
alous origin were previously asymptomatic.54

Diagnosis: The diagnosis of a potentially lethal origin of a coronary
requires a high degree of clinical suspicion. In the absence of a

previous myocardial infarction, rest ECG is usually normal or
show non-specific findings. Exercise test yields a low sensitivity
for coronary abnormalities.54 In hands of expert sonographers,
the origin of both (normal) coronaries can be localized in most in-
dividuals.55 A definite diagnosis is achieved with an invasive coronary
or a computed tomography angiography.

Ventricular pre-excitation
Atrioventricular bypass tracts cause an early, anomalous ventricular
activation that precedes normal activation through the AV node.

2503
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Figure 1 Schematic representation of ARVC course from desmosomal-gene mutation to phenotypic expression and cardiac arrest due to ven-
tricular fibrillation. Sports activity may promote development of phenotypic expression, accelerate disease progression, and trigger life-
threatening ventricular arrhythmias.
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Accessory pathways generally lack decrementing properties (i.e.
slower conduction at higher heart rates) and thus can be stimulated
at very high rates. In certain circumstances with rapid atrial activa-
tion, such as in atrial fibrillation, an extremely high ventricular acti-
vation rate through the accessory pathway might trigger VT/VF and
SCD. It has been estimated that 1:1000 individuals show ECG pre-
excitation patterns in the general population.56

Patients can remain asymptomatic or present with paroxysmal
supraventricular tachycardia symptoms. Palpitations due to an
orthodromic atrio-ventricular re-entry is the most common symp-
tom in patients with ventricular pre-excitation. Syncope or pre-
syncope might occur as a consequence of very rapid paroxysmal su-
praventricular tachycardias. While symptomatic patients are at a
high risk of SCD (≈0.15% per year), risk is lower in asymptomatic
patients. A short refractory period of the accessory pathway has
been proposed to identify those asymptomatic individuals with ven-
tricular pre-excitation who are at risk of SCD.

Exercise and sport in individuals with ventricular pre-excitation: Very
rapid ventricular activation during strenuous physical activity or
AF events has been suggested to trigger SCD in athletes. Because
previous ECGs are often unavailable in athletes with SCD, a precise
risk estimation is challenging. Ventricular pre-excitation is present in
≈1% of athletes with SCD (Table 1).19

Diagnosis: An ECG showing a characteristic delta-wave provides
the diagnosis of ventricular pre-excitation (Figure 3). Slurred upstroke

QRS complexes along with short PR intervals (,120 mseg) charac-
terize delta waves. Notably, ventricular pre-excitation may be occa-
sionally masked by situations with a fast atrioventricular node
conduction, such as in adrenergic settings.

Left ventricle non-compaction
Left ventricle non-compaction (LVNC) is a recently identified car-
diomyopathy characterized by abnormal, prominent LV wall trabe-
culations and deep intertrabecular recesses, often associated with a
thin compacted epicardial myocardial layer.10 It is a relatively un-
common condition, accounting for ,0.5% of all echocardiographic
examinations.57 Up to half of patients show an X-linked or auto-
somal dominant inheritance pattern, with most mutations identified
in genes encoding sarcomere proteins.58 Rather than an homogen-
ous disease, several subtypes have been identified, including a di-
lated, an hypertrophic, a biventricular and a restrictive form. A
benign form of LV hypertrabeculation, involving a normal cardiac
function, no ventricular arrhythmias and no cardiac events at follow-
up, has also been reported.59

Patients affected with LVNC might remain asymptomatic (par-
ticularly in benign forms) or present with symptoms derived from
progressive LV systolic dysfunction, potentially lethal ventricular ar-
rhythmias or thromboembolic events.

Exercise and sport in LVNC patients: The role of exercise in trigger-
ing arrhythmias or progression in LVNC patients is uncertain. Most

Figure 2 Representative ECG from an ARVC patient.
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SCD series have not reported LVNC to be a significant cause of
SCD in athletes.

Diagnosis: Unspecific findings are common in the ECG.58,60 A def-
inite LVNC diagnosis is obtained by mean of imaging techniques
showing prominent trabecula. The most widely used echocardio-
graphic criterion relies on the non-compaction to compaction ratio
(usually 2:1) to ascertain a LVNC diagnosis, although alternative cri-
teria have been proposed.58

Recent reports suggest an increased LV trabecular pattern in ath-
letes engaged in a variety of sports disciplines, eventually fulfilling
LVNC criteria in up to 8% of athletes.61 Factors such as normal sys-
tolic function, absence of ECG abnormalities, absence of complex
ventricular arrhythmias, and a negative family history support a be-
nign clinical outcome in these athletes.60

Dilated cardiomyopathy
Dilated cardiomyopathy (DCM) is currently defined by the presence
of LV or biventricular dilatation and systolic dysfunction in the ab-
sence of abnormal loading conditions (hypertension, valve disease)
or coronary artery disease sufficient to cause global systolic impair-
ment.62 Due to a relatively preserved cardiac output in many cases,
patients may remain asymptomatic over a long course of their disease.
Symptoms usually relate to reduced cardiac output; however, life-
threatening ventricular and/or supraventricular tachyarrhythmias
are not uncommonly part of the initial clinical presentation.

Exercise and sport in DCM patients: An increase in the adrenergic
tone and hemodynamic overload during physical activity can trigger
ventricular arrhythmias. Nevertheless, DCM is a relatively uncom-
mon cause of SCD in athletes (Table 1).2,16,19,23,63

Diagnosis: An imaging technique commonly provides a definitive
diagnosis by showing a disproportionately dilated LV cavity, usually
with a spherical shape, systolic dysfunction (i.e. ejection fraction
,50%, with blunted increase during exercise), and occasionally ac-
companied by wall motion abnormalities. In trained athletes, LV cav-
ity enlargement may be similar, but maintains an ellipsoid shape with
a normally positioned mitral valve, and is associated with an enlarge-
ment of right ventricular and atrial chambers. Indeed, LV function re-
mains normal (i.e. ejection fraction .50%, with normal increase
during exercise) and wall motion abnormalities are absent in
athletes.64

Non-specific changes in the ECG, such as repolarization abnor-
malities, left bundle branch block, and ventricular or supraventricu-
lar tachyarrhythmias are often found in patients with DCM.

Valvulopathies
Valve regurgitation and stenosis are commonly degenerative and
most frequently found in aged individuals. Nevertheless, bicuspid
aortic valve and mitral valve prolapse are particularly important in
young and middle-aged individuals. Bicuspid aortic valves are found
in ≈1% of the general population65 and pose the affected individual
at risk for aortic stenosis or regurgitation, ascending aorta dilation
and dissection over time. Mitral valve prolapse is the most common
cause of primary mitral regurgitation in young to middle-aged indi-
viduals. When severe, valvulopathies superimpose a hemodynamic
overload that might lead to LV dysfunction, ventricular arrhythmias
and an inadequate increase in cardiac output during physical activity.

Exercise and sport in patients with valvular heart diseases: There is no
data showing that exercise accelerates valvulopathy progression.

Figure 3 Representative ECG from a patient with a pre-excitation syndrome (arrows).
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Nevertheless, physical activity may trigger SCD in some athletes
with valvular heart diseases, particularly if hemodynamically signifi-
cant. Valvulopathies are not uncommonly found amongst the most
frequent causes of SCD in athletes (Table 1).

Diagnosis: A careful physical examination usually reveals a cardiac
murmur in patients with a significant valvulopathy. A definite diagno-
sis is provided by a cardiac imaging test; an echocardiography usually
informs of the type of valvulopathy, its severity and mechanisms.

Inherited primary arrhythmia syndromes
Inherited primary arrhythmia syndromes are genetically deter-
mined, primary arrhythmic disorders in the absence of a clinically ap-
parent, overt structural heart disease. The most frequent entities
are long and short QT syndrome, catecholaminergic polymorphic
ventricular tachycardia, and Brugada syndrome.10,66

Long QT syndrome
Long QT Syndrome (LQTS) is a collective name used to identify a
group of disorders characterized by an increased duration of ven-
tricular repolarization, represented by a prolonged QT interval on
surface electrocardiogram, and by the predisposition to develop
life-threatening ventricular arrhythmias, characteristically Torsade
de pointes ventricular arrhythmias during exercise or stressful cir-
cumstances. An estimated LQTS prevalence of 1 out of 2000 new-
borns has been reported.67

Mutations in 15 genes encoding for cardiac ion channels have
been associated with LQTS.68 Genetic screening identifies a
disease-causing mutation in about 75% of LQTS cases.69 In most
families, LQTS inheritance follows an autosomal dominant pattern
[either isolated QT-prolongation, also known as Romano-Ward
syndrome (LQT1–6; LQT9–13), or associated with extra-cardiac
manifestations (LQT7–8)]. Homozygous or compound heterozy-
gous mutated forms of KCNE1 or KCNQ1 associate with profound
congenital deafness in the autosomal-recessive inherited Jervell and
Lange-Nielsen syndrome.69 –73

Exercise and sport in LQTS patients: Physical activity and emotional
stressors act as triggers for ventricular arrhythmias and SCD in pa-
tients with LQTS. The role of sport activity, primarily swimming, is
particularly relevant for LQT1 patients, but a significant overlap ex-
ists amongst all genotypes.69,73

Diagnosis: The diagnosis of LQTS relies on the measurement of
the QT interval corrected for heart rate (QTc) using Bazett’s for-
mula on repeated 12-lead electrocardiograms at stable heart rates
between 60 and 100 bpm (Figure 4). According to the latest diagnos-
tic criteria,10 LQTS should be considered in patients with an unex-
plained syncope and a QTc .460 ms. In asymptomatic individuals
without a pathogenic mutation or a family history of LQTS, a QTc
≥480 ms is required to establish the positive diagnosis.

When QT prolongation is less obvious, a score combining the age
of the patient, clinical and family history, the QTc duration, T-wave
morphology, and previous history of Torsade de pointes has been cre-
ated74: a LQTS risk score .3 is also considered diagnostic for
LQTS. An accurate clinical history, physical exam, blood test or
other tests as needed should aim at ruling out secondary causes
of QT prolongation (e.g. bundle branch block, drugs, electrolyte im-
balance, cardiac ischaemia).

Additional clues for the diagnosis of LQTS derive from the dy-
namic analysis of QT interval under different circumstances and
stimuli. An exercise test allows exploring the adaptation of the
QT interval to rapidly increasing heart rates, which has been de-
monstrated to be impaired in LQTS,75 especially LQT1. Interesting-
ly, LQT1 and LQT2 patients also show an exaggerated and
paradoxical QT prolongation after physical effort.76,77 A QTc inter-
val ≥480 ms at the fourth minute of recovery from exercise stress
test has been recently suggested as a new criterion to consider in
the LQTS risk score78 after demonstrating 100% specificity in iden-
tifying LQT1 and LQT2 patients.79 Similarly, QT also fails to adapt to
sinus tachycardia after standing up quickly in LQTS patients and may
elicit an exaggerated QTc prolongation;80 a QTc .499 at maximal
nearness between the end of the T-wave and the beginning of the
following P-wave (i.e. maximal stretching) shows a 90% sensitivity
and 87% specificity for the diagnosis of LQTS.81 A 12-lead ambula-
tory ECG is recommended to comprehensively evaluate the QTc
interval in precordial leads at different times throughout the
day,10 including the night when LQT3 patients exhibit the largest
QTc prolongation.82 Eventually, a LQTS diagnosis should always
be confirmed by a specialized cardiologist.

Up to 1/3 of carriers of a pathogenic mutation exhibit normal
QTc values on resting ECG (incomplete penetrance)83 and, accord-
ing to the guidelines,10 should be considered as ‘affected’ by LQTS.

Aside from the prolonged QT interval, LQTS patients often pre-
sent with additional ECG features including excessive bradycardia
for the age, visible T-wave alternans or notches on the T-wave (sug-
gestive for LQT2); long sinus pauses are common among LQT3
patients.

Short QT syndrome
Short QT syndrome (SQTS) is a term that identifies patients with
reduced repolarization duration that pose affected individuals at
risk of life-threating arrhythmias and SCD. Mutations in five genes
encoding ion channel subunits have been linked to SQTS path-
ology, but 80% of cases remain gene-elusive. Although initial re-
ports pointed to an extremely high arrhythmic risk, unselected
cohorts of patients with a short QT suggest a significantly lower
risk.84,85

The prevalence of short QT, as defined with actual guidelines, has
been estimated at 1:2000 in paediatric individuals, but at about
1:1000 in adult populations including athletes,85,86 with a consistent
predominance for males.

Exercise and sport in SQTS patients: No specific triggers for STQS
arrhythmic events have been identified, and thus the consequences
of strenuous physical activity in SQTS patients remain unknown.

Diagnosis: The diagnosis of SQTS is established in those patients
with a shorter than normal QTc (Figure 5). Nevertheless, an accur-
ate threshold to identify those patients with a short repolarization
that pose at risk of SCD remains controversial. Current ESC guide-
lines propose a QTc ≤340 ms10 to diagnose SQTS. Diagnosis
should be considered in the presence of a QTc ≤360 ms in the sec-
ondary prevention setting as well as for patients with a familiar his-
tory of SCD or SQTS or in patients with a known causing mutation.
Notably, secondary causes of short QT (e.g. increased plasma po-
tassium or calcium concentration, acidosis and hyperthermia)
should be ruled out.
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Catecholaminergic polymorphic ventricular tachycardia
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a
severe disease characterized by adrenergic-induced bidirectional or
polymorphic ventricular tachycardia. The prevalence of the disease
is unknown, with the most commonly quoted estimate being 1:10 000.

Two main genetic variants of CPVT are known, accounting for
about two thirds of cases:11 an autosomal dominant one, secondary
to mutations in the RyR2 gene (�55% of cases) and an autosomal
recessive one, stemming from genetic defects in the CASQ2 gene
(about 5% of cases). Mutations in both proteins alter calcium

Figure 5 Representative ECG from a SQTS patient. Note a markedly shortened cQT interval (260 msec).

Figure 4 Representative ECG from a LQTS patient. Note a markedly prolonged cQT interval (510 msec).
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homeostasis in cardiac myocytes, facilitating diastolic calcium re-
lease that leads to the development of delayed-after-depolarizations
and triggered activity that induce supraventricular and ventricular
arrhythmias.

When unrecognized, CPVT has an extremely poor prognosis,
with untreated mortality rates of 30–50% by age 40.11,87

Exercise and sport in CPVT patients: Physical activity is a common
trigger for adrenergically mediated ventricular arrhythmias and
SCD in CPVT patients.

Diagnosis: One of the major difficulties in recognizing CPVT is that
patients show normal resting ECGs. Lower-than-normal heart rates
and prominent U waves have been reported in some patients, but
they are not specific for a diagnosis.

According to the latest diagnostic criteria,10 CPVT is diagnosed in
the presence of a structurally normal heart, normal ECG, and effort-
or emotion-induced ventricular tachycardia. Typically, exercise
stress testing or strong emotions elicit the appearance of VPBs
that increase in complexity with the heart rate, ending with the path-
ognomonic bi-directional or polymorphic ventricular tachycardia.
The term ‘bi-directional’ refers to the 1808 rotation on the frontal
plane of the QRS complexes of the ectopic beats. Adrenergically
mediated supraventricular arrhythmias (premature atrial contrac-
tions, runs of supraventricular tachycardia and bursts of atrial fibril-
lation) are also frequent in CPVT. The use of catecholamine
infusions has been suggested as a possible alternative to exercise,
but its sensitivity is not clearly defined.11,88

CPVT is a highly penetrant disease and the prevalence of ‘silent’
mutation carriers is estimated at 20%,87 but cardiac events may still
occur in this subset of individuals, who therefore need to be treated
according to current guidelines.10,89 In these patients genetic testing
is the pivotal diagnostic tool.87

Brugada syndrome
The term ‘Brugada syndrome’ (BrS) identifies a clinical setting char-
acterized by ‘right bundle branch block, persistent ST segment ele-
vation and sudden death’ due to polymorphic ventricular
tachycardia (PVT) and/or ventricular fibrillation (VF) in the absence
of other cardiomyopathies.90 Although it was initially identified as a
purely electrical disease in the absence of structural heart disease,
recent data suggest that a CMR exam may uncover minor RV
abnormalities.91

The BrS is an inherited disease with an autosomal dominant pat-
tern of transmission and variable penetrance. However, up to 60%
of cases may be sporadic; that is, absent in other relatives.92,93 Preva-
lence in the general population ranges from 1 in 1000 in Asia to less
than 1 in 10 000 individuals in Europe and America.94

Exercise and sport in Brugada syndrome patients: There is a scarcity
of large-scale or prospective data on the safety of sports participa-
tion in individuals with BrS. Malignant ventricular arrhythmias gener-
ally occur at rest after an increased vagal activity and/or withdrawal
of sympathetic activity. Thus, increased vagal predominance as a
consequence of chronic athletic conditioning might eventually en-
hance the propensity of athletes with BrS to die at rest or during ex-
ercise recovery. Furthermore, elevation of body temperature during
high-intensity efforts could potentially trigger fatal arrhythmias in
these patients.

Diagnosis: The BrS is diagnosed when a type 1 ST-elevation is ob-
served either spontaneously or after intravenous administration of a
sodium channel blocker in at least one right precordial lead (V1 and
V2), placed in a standard or superior position (up to the second
intercostal space) (Figure 6). Other findings which support and might
accompany the diagnosis of BrS include attenuation of ST elevation
during maximal exercise with reappearance during the recovery
phase (although in selected patients carrying a SCN5A mutation
the ST elevation may become more evident with exercise);95,96 first-
degree atrio-ventricular block and left axis deviation; atrial fibrilla-
tion; late potentials in high resolution ECG; fragmentation of the
QRS; ventricular refractory period ,200 ms and an HV interval
.60 ms in an electrophysiological study; and absence of a diagnostic
for an alternative cardiomyopathy.

Other causes of ST-segment elevation such as the early repolar-
ization pattern often seen in young athletes or the use of psycho-
tropic and anti-allergic agents should be excluded before
establishing the diagnosis of BrS. On the other hand, certain modu-
lating factors can unmask or exacerbate the typical BrS pattern. Fe-
ver modulates the phenotype by accentuating the sodium channel
inactivation, unmasking the type 1 ECG pattern and triggering ven-
tricular arrhythmias. Exposure to some other drugs or electrolyte
imbalance may also produce ST elevation suggestive of BrS, likely re-
lated to a possible genetic predisposition.

Acquired cardiac abnormalities
In addition to aforementioned inherited cardiac conditions, acquired
heart disease, including coronary artery disease, valvular disease or
myocarditis, may also increase the risk of SCD. Acquired heart dis-
eases becomes proportionally more important in older athletes.

Coronary artery disease
Exercise and sport in patients with (known/silent) coronary artery disease:
Atherosclerotic coronary artery disease (CAD) is the predominant
cause of unexpected SCD in the general population. Vigorous phys-
ical activity increases the risk of both SCD and acute myocardial in-
farction (AMI) relative to less vigorous activity.97 The relative risk of
an exercise-associated SCD or AMI is greatest in the most sedentary
individuals and decreases with increasing level of regular physical ac-
tivity. The absolute risk of an exercise-associated AMI has not been
determined, but approximately 10% of AMIs may be related to phys-
ical activity.98 Notably, approximately 30% of sport-associated SCD
victims experienced typical symptoms of cardiac ischaemia in the
week prior to their event.63

Most acute cardiac events in previously asymptomatic individuals
occur from acute plaque rupture or erosion with acute thrombosis
in coronary arteries not previously hemodynamically compro-
mised.97 At least one series of SCD during running events, however,
noted that all of the 5 SCD victims with CAD had advanced athero-
sclerotic disease but none had evidence of acute thrombosis.1

Diagnosis: Rest ECG appears to be a non-accurate test for detect-
ing CAD. Whether or not to routinely screen with a 12-lead ECG in
all master athletes remains debated. American Heart Association
guidelines on assessing CAD risk in athletes and active individuals
recommend exercise testing prior to the initiation of vigorous exer-
cise training in those at high risk of coronary events, including men
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.40 years of age and women .50 years of age (or postmenopau-
sal) with one or more coronary risk factors.99 European profession-
al society recommendations for PPE in master athletes approach
this issue by assessing the cardiovascular risk profile (by a validated
risk score form) of the candidate and the type and intensity of ath-
letic discipline [European Association for Cardiovascular Prevention
and Rehabilitation (EACPR)].8 However, there are no randomized,
controlled clinical trials evaluating these recommendations.

With actual evidence, senior athletes (≥35 years old8) and indi-
viduals participating in vigorous physical or sport activity should:

(1) Be informed of the nature of cardiac prodromal symptoms and
their need for prompt medical evaluation.

(2) Undergo exercise stress testing if symptoms of possible CAD
are present.

(3) An exercise stress test might be considered in senior athletes at
a high cardiovascular risk, although conflicting data exists on the
efficacy of such approach.

Chagas disease
Chagas heart disease (ChD) remains the most important cause of
non-ischaemic cardiomyopathy in Latin America and may become
a global health problem due to emigration.100 ChD usually occurs

in 20–30% of the infected individuals and clinical manifestations ap-
pear 10–30 years after the initial infection.101,102 Cardiac arrhyth-
mias and SCD are frequent and may occur any time of the disease
evolution, even in individuals without overt cardiomyopathy.100 – 104

Scar-related sustained VT is the main cause of SCD in patients
with ChD. Global or segmental LV dysfunction predicts SD occur-
rence, particularly if associated with syncope or non-sustained VT
during ambulatory Holter monitoring or stress testing.105 – 107

Moreover, sinus node dysfunction, AV and intra-ventricular conduc-
tion disturbances are common findings on ECGs of asymptomatic
patients with ChD, but can progress to sinus node standstill and
complete AV block, causing syncope and eventually creating the
conditions to SCD.101– 103

Exercise and sport in ChD patients: Limited evidence suggests that
athletes with ChD are at risk of SCD during intense exercise.108

The absence of symptoms does not exclude the presence of cardio-
myopathy even in high performance athletes.

Diagnosis: Chagas disease diagnosis requires an initial epidemio-
logical inquiry (origin from endemic areas of Chagas disease) and
subsequent serologic tests. Clinical warning signs (PVCs; AV and
IV conduction disturbances) and symptoms (unexpected decrease
in physical capacity, syncope or near syncope) may indicate cardiac
disease. Echocardiography (where LV dysfunction indicates high

Figure 6 Representative ECG showing characteristic findings from Brugada syndrome (arrows).
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SCD risk), 24 h ECG recording and exercise test (PVCs and NSVT
suggest high risk), CMR (LV/RV LGE), and potentially an
electrophysiological study (inducible sustained VT) might serve to
stratify SCD risk.

Myocarditis
Myocarditis identifies myocardial involvement in the setting of sys-
temic inflammatory processes, histologically evidenced by inflam-
matory infiltrates and myocyte degeneration and necrosis in the
absence of an ischaemic origin. Myocarditis signs and symptoms
shows a high interindividual variability, ranging from minor regional
wall motion abnormalities or pericardial effusion to severe LV sys-
tolic dysfunction and potentially lethal ventricular arrhythmias. Al-
though some cardiac manifestations are temporal and will regress
over variable periods of time, some will remain as a myocarditis se-
quela (e.g. in the form of DCM).

Exercise and sports in patients with myocarditis: Myocarditis is a com-
mon finding in SCD series in athletes (Table 1) but, as later ad-
dressed, vigorous physical activity might also accelerate and
worsen myocardial affectation in systemic viral and autoimmune
processes.

Diagnosis: Myocarditis should be suspected in those individuals
with systemic viral symptoms, including upper respiratory tract or
gastrointestinal manifestations, who develop cardiac-related symp-
toms such as heart failure, arrhythmias, or chest pain. Myocardial ne-
crosis markers are commonly increased in plasma in early stages.
ECG commonly shows unspecific signs such as ST-segment and
T-wave abnormalities, or ventricular arrhythmias. Cardiac imaging
techniques might show global or regional wall motion abnormalities
along with variable degrees of pericardial effusion. Myocardial oe-
dema might be identified in early stages with CMR, while LGE
patches can be present early in its evolution and remain as a sequela.
Myocardial biopsy provides a definitive diagnosis, but it is usually not
required.

Exercise as a promoter of cardiac injury
In addition to acting as a trigger for arrhythmic events, there are
three ways in which intense and prolonged exertion may impact
on the risk of SCD by promoting the disease substrate itself:

(a) Exercise may accelerate an inherited predisposition to cardiomyop-
athy: There are data in both murine models109,110 and humans
with desmosomal mutations demonstrating more rapid pheno-
typic ARVC expression with RV dysfunction, arrhythmias and
progression to cardiac transplant or death in those who per-
form regular strenuous exercise.42,43 Similar exercise/genotype
interactions are largely unexplored in other inherited condi-
tions. There is some preclinical data in HCM to suggest that ex-
ercise may favourably modify cardiac remodelling but the
relevance of these findings to human disease is not yet
known.111

(b) Exercise by itself might cause arrhythmogenic remodelling: Data in
recent years suggest that intensive and chronic exercise training
promotes arrhythmogenic remodelling, especially of the RV, in
the absence of a demonstrable genetic predisposition. The
‘exercise-induced RV cardiomyopathy’ as defined by Heidbu-
chel et al. is based on the clinical observation that professional

cyclists presenting with RV arrhythmias very seldom show clin-
ical or genetic evidence of inherited disease.112,113 An
endurance-trained rat model confirms a selective, arrhythmo-
genic deleterious effect of high-intensity training in the RV.114

Endurance athletes are over-represented in ‘gene-elusive’
ARVC cohorts115 which raises the possibility that a still un-
defined (poly)genetic predisposition other than a typical
desmosomal mutation may predispose to deleterious RV
remodelling associated with intense and prolonged exercise
training. There is substantive mechanistic data supporting dis-
proportionate strain on the RV during intense exercise.116,117

Moreover, some endurance athletes demonstrate markedly en-
larged hearts with subnormal function.118

(c) Exercise may exacerbate the severity of cardiac damage due to inter-
current illness: A recent concept is that intense exercise may ex-
acerbate cardiac damage due to a concurrent illness such as
myocarditis, i.e. that the hemodynamic overload of intense ex-
ercise may impair healing or even exacerbate myocardial inflam-
mation. There is theoretical rationale for this concept and some
limited evidence from animal studies.119 Also the clinical obser-
vation in athletes of an unanticipated prevalence of large sub-
epicardial fibrotic regions, most likely due to post-myocarditis
scarring, is interpreted along these lines.120

The possibility of the evolving nature of structural disease in athletes
which can be promoted or worsened by regular exercise implies
that serial cardiac pre-participation evaluation need to be consid-
ered, especially in at-risk groups, such as those engaged in most in-
tense exercise (cyclists, rowers, marathon runners etc.) and/or after
an overt viral illness.

Role of screening techniques

Role of electrocardiogram
The inclusion of an ECG in addition to a medical history and physical
examination has focused most debates on the most appropriate PPE
protocol to identify athletes at risk for SCD. Pre-participation CV
evaluation that relies solely on medical history (personal and family)
and physical examination has a limited ability to identify potentially
lethal CV abnormalities in young athletes, because cardiac condi-
tions responsible for SCD are often clinically silent and unlikely to
be suspected or diagnosed on the basis of spontaneous symp-
toms.48 The addition of 12-lead ECG substantially enhances the
power of screening for early detection of athletes with cardiomyop-
athies or channelopathies, which commonly manifest with ECG ab-
normalities48,121: sensitivity improves from less than 25% for clinical
history and exam to .90% for ECG.122 A recent meta-analysis of
available studies comparing history, physical examination, and
ECG demonstrated that the most effective strategy to detect under-
lying (predisposing to SCD/SCA) disease is ECG.122

Figure 7 summarizes the arguments in favour and against including
the 12 lead ECG at rest for the pre-participation CV evaluation.

Practical considerations and limitations of the ECG: There are a num-
ber of considerations and limitations to ECG screening, from the
clinical and technical to psychological, ethical, and economic view
that merit further discussion.
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The most important clinical limitation of ECG screening lies in im-
perfect sensitivity and specificity. Among the most common causes
of SCD in athletes, sensitivity of the ECG for HCM is 90%126 but
coronary artery anomalies, the second most common cause of
SCD in athletes in some series, are most often silent on ECG.54 Simi-
larly, the sensitivity of the rest ECG to identify ischaemic heart dis-
ease, the most common cause of SCD in athletes older than 35
years, remains rather low. Even in HCM, the ECG may not show ab-
normalities until adolescence or later. ECG manifestations of chan-
nelopathies such as LQTS and Brugada vary over time, while CPVT
is electrically silent at rest. However, it should be noted that the his-
tory and physical exploration also lack sensitivity, as symptoms may
be under-reported, and reported symptoms such as dyspnoea or
reduced physical performance may be unspecific and difficult to
interpret.127

Similarly, specificity is imperfect, with ECG screening generating
false positive rates of 5–10%,128 leading to either unnecessary sec-
ondary evaluations or restriction from sports activity. It is notable
that the false positive rate for ECG screening is largely affected by
the criteria used to define ‘abnormalities’. Significant advances
have been made in our understanding of how to interpret an ath-
lete’s ECG. Modern standards have been proposed to distinguish
physiologic cardiac adaptations in athletes from findings suggestive
of underlying pathology, namely the European Society of Cardiology
criteria129 or more recent ‘Seattle criteria’130 (Figure 8). Studies ap-
plying these modern ECG criteria have resulted in substantially low-
er false positive rates,123,131,132 with new proposals refining the
interpretation of athlete’s ECG.36,133

Technical limitations include the need for widespread expertise in
both the acquisition and interpretation of the ECG. Numerous

studies show that even cardiologists have imperfect expertise in in-
terpretation of ECGs.134,135 Training-related changes can vary by
age, sex, race,136 ethnicity, and type of sport,34 further complicating
appropriate interpretation. Use of standardized criteria129,130 can
improve interpretation, and educational modules have been created
and are largely implemented (i.e. http://learning.bmj.com/learning/
course-intro/.html?courseId=10042239, and the ‘JS Sports ECG’
app, available for Android and iPhone smartphones). The history
and physical examination however are also imperfectly applied, of-
ten without appropriate training.137 Efforts to improve training in
the PPE history and physical (http://www.njleg.state.nj.us/2014/
Bills/S0500/471_I1.HTM) are also key to adequate screening. In
this regard, a curriculum core for sports cardiology qualification
has been proposed.138

Concerns regarding the psychological impact of athlete ECG
screening have also been raised.139 However, two studies which
have actually measured psychological outcomes in athletes under-
going ECG screening programmes140,141 have found that athletes
reported feeling more confident, would recommend screening to
others and distress was very low. Moreover, those athletes whose
screening included ECG were more satisfied and positive about the
screening than those who received only history and physical exam-
ination, including those with initially false positive results.

Ethical concerns have also been raised about the fairness of
screening just a subset of the overall population, in consideration
that also young people not participating in athletics have a risk of
SCD.128,142 Some reports show that athletes are even protected
from SCD in comparison to the general population,21 a fact not re-
produced by others.5 In one study of US high school students, the
annual incidence of sudden cardiac arrest was 1.14 per 100 000

Figure 7 Pros and cons of ECG screening.
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for athletes, vs. 0.31 for student non-athletes.15 Similarly, a previous
investigation in Italian population showed that young athletes are
exposed to a 2.8-fold increased risk for SCD in comparison to non-
athletes.1 Whether this potential difference in absolute risk war-
rants different approaches to risk-reduction in the athlete and
non-athlete can be debated. In some countries, all children undergo
ECG screening in school,143 and in others, incorporation of the ECG
into routine paediatric care has also been shown to be feasible.144

It is important to note that each of these concerns—sensitivity,
specificity, lack of expertise, the ethical impact, and cost—all apply
similarly, and in many cases more so, to the use of the history and
physical exploration assessment.6,128

Role of ECG exercise test
Exercise test is most often used to unveil myocardial ischaemia and
detect CAD. The diagnostic yield of exercise testing largely relies on
the pre-test ischaemia probability. Most positive exercise tests in
asymptomatic individuals are falsely positive and require additional
testing to exclude disease. A decision analysis evaluation of exercise
testing before regular exercise concluded that ‘the number of
exercise-induced deaths prevented (by exercise testing) is less than
the added number of deaths from angiography’.145 Overall, mortal-
ity in this report was only reduced for those individuals at moderate
to high CAD risk undergoing exercise test.145 Moreover, limited
sensitivity further jeopardizes the role of ECG exercise test as a

mass screening tool. A classic meta-analysis reported a 68% sensitiv-
ity for exercise ECG test, meaning that one in three patients with
CAD will show normal; specificity remains below 80%.146 In sum-
mary, ECG exercise test leads to misleading conclusions and in-
creases costs when used as a mass screening tool; conversely it
should be reserved for symptomatic athletes or those deemed to
be at high risk of CAD.

However, it is here emphasized that exercise testing indications in
athletes during a PPE are not limited to the CAD diagnosis, but may
also be useful to evaluate the blood pressure behaviour and the oc-
currence of arrhythmias, to evaluate symptoms occurring during
physical activity, and to assess the physical performance and its pro-
gression in relation to exercise training and competitive sport par-
ticipation. As previously stated, exercise test might also serve in the
diagnostic or therapeutic approach of LQTS or CPVT patients in
some instances.

Role of ambulatory ECG monitoring
Prolonged recordings provide data on ECG over extended and vari-
able periods of time, allowing assessment of ECG during normal day
life. Available tools include classic techniques such as short, 24 h or 7
day ECG Holter recordings or implantable devices lasting for .2
years, to modern tools such as smartphone or wearable apps that
allow easily obtaining short ECG recordings in almost any situation.

Figure 8 Classification of ECG abnormalities in the athlete according to European Society of Cardiology recommendations. Common ECG
abnormalities (group 1): up to 80% of trained athletes exhibit ECG changes that are the consequence of the physiologic cardiovascular adaptation
to sustained physical exertion and do not reflect the presence of an underlying cardiovascular disease; an estimate of frequency in heterogeneous
cohorts of athletes is shown.123 –125 Uncommon ECG abnormalities (group 2) are unrelated to athletic conditioning and should be regarded as an
expression of possible underlying cardiovascular disorders, notably cardiomyopathies and cardiac ion channel diseases. LBBB, left bundle branch
block; RBBB: Right bundle branch block; LVH: Left ventricular hypertrophy.
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The diagnostic efficiency of ambulatory ECG recordings in first-
line PPE is limited because of a very low sensitivity, and therefore
remains a second-line test. The most common indications for ambu-
latory ECG monitoring are unexplained syncope and palpitations. It
may also be considered to explore bradyarrhythmias or to quantify
PVC density after initial PPE tests. Specific applications for ambula-
tory ECG recordings such as QT assessment in patients with sus-
pected LQTS should also be considered.

The diagnostic yield is highly dependent on the frequency of
symptoms and duration of the ECG recording. Infrequent symp-
toms are rarely reproduced during a 24 or 48 h recording and
show a very low sensitivity; longer recording-periods with implanta-
ble recorders might better fit this need. In some other instances (e.g.
PVC quantification) 24 h recordings might suffice.

Role of imaging modalities in screening
Imaging modalities have been established as an integral part of the
evaluation of athletes who are flagged by the initial PPE as potential
carriers of cardiac disease.35,147 Transthoracic echocardiography
(TTE) and CMR will identify the majority of athletes with cardiomy-
opathy; coronary angiography utilizing computed tomography
(CTCA) or CMR are the non-invasive modalities of choice for coron-
ary artery anomalies; and coronary artery calcium scoring (CACS),
CTCA, and stress imaging are employed for the investigation of ath-
letes with suspected atheromatous coronary artery disease.

While some studies have evaluated TTE as a first-line mass-
screening tool, CMR, CTCA, and CACS are almost exclusively
used to assess athletes with symptoms or abnormalities found on
first-line screening tests.

Echocardiography
The inherent limitations of the 12-lead ECG as a screening tool for
structural heart disease has prompted a number of sporting organi-
zations to advocate TTE as part of the screening protocol for the
most elite of their athletes. Transthoracic echocardiography is the
only imaging modality that has been evaluated in the context of
mass PPE as it is widely available, portable, free of ionizing radiation
and of relatively low cost. Investigators have employed a number of
screening protocols in an attempt to optimize the diagnostic utility
of mass TTE for conditions predisposing to SCD in athletes, while
minimizing time and costs. Protocols range from 1 min targeted
visualization of the parasternal views to a 20 min comprehensive
echocardiographic study.

Feinstein et al.148 and Weidenbener et al.149 employed limited
TTE utilizing the long and short axis parasternal views. The studies
focused on two-dimensional assessment of the left cardiac cham-
bers in an attempt to identify athletes with hypertrophic cardiomy-
opathy, Marfan’s syndrome, aortic stenosis, or mitral valve prolapse.
Most TTE studies were completed within 2 min. Both studies failed
to identify any athlete with quiescent cardiomyopathy. The majority
(78%) of abnormalities identified by TTE (in a relatively small cohort
of athletes) related to congenital valvular abnormalities and in par-
ticular bicuspid aortic valve and mitral valve prolapse.149 Wyman
et al.55 employed a more comprehensive 5 min screening protocol,
which included colour Doppler and velocities. Similar to the earlier
studies, minor and trivial valvular abnormalities were the

predominant finding. Of importance, the authors were able to iden-
tify the origin of both coronary arteries in 96% of the athletes.

Contemporary studies in healthy children and young athletes
have reiterated that the addition of TTE as a first-line screening
tool to the 12-lead ECG does not increase the diagnostic yield of
cardiomyopathies.36,144,150,151 In addition, elite athletes may exhibit
cavity dilatation and LV hypertrophy that overlaps with mild or
incomplete phenotypes of cardiomyopathies, raising concerns
that mass TTE may result in further increase of the false positive
screening rate.35,61,64,152,153

An alternative PPE protocol, which advocates performing TTE as
an intermediate step to individuals who are flagged by history, phys-
ical examination or ECG for further evaluation has been proposed.
The use of onsite TTE reduces referral rates by 40–60% and has a
significant positive impact on associated costs, use of resources and
time delays until the athlete is cleared for competition.150

In summary, the value of TTE as a first-line screening tool for con-
ditions predisposing to SCD remains to be proven, largely because
of additional cost, lack of expertise and infrastructure, and no evi-
dence for incremental diagnostic value compared to ECG alone.

Cardiac magnetic resonance imaging
As compared with echocardiography, CMR enables better assess-
ment of the morphology and function of all cardiac chambers whilst
also enabling assessment of acute oedema and myocardial fibro-
sis.154 Recent developments suggest that CMR may also become a
mean for assessing cardiac function in athletes during exercise.155 It
has the distinct advantage of being able to provide high-quality
images in virtually all subjects and providing detail of regions of
the heart, which are difficult to image with echocardiography. In par-
ticular, CMR enables greater visualization of the LV apex and RV, re-
gions of particular interest in athletes in whom apical HCM or ARVC
are suspected.

CMR can identify pathology in athletes when the ECG and echo-
cardiography appear to be normal, particularly when LGE techni-
ques are used for tissue characterization.126 Thus, CMR should be
considered the most comprehensive imaging modality for the exclu-
sion of cardiac structural pathology in athletes with concerning
symptoms or PPE abnormalities. However, the relative expense
and limited availability of CMR make it less suitable for broad-based
screening. Furthermore, the specificity of CMR testing in athletes
has not been systematically evaluated and there is a possibility of a
high burden of false positive results given the increased sensitivity
for detecting variation in patterns of ‘ LV hypertrabeculation’ or
RV dilation. As an example, small patches of LGE have been re-
ported in a significant minority of ostensibly healthy athletes,156,157

whilst in other athletes LGE seems to be associated with serious ar-
rhythmias.120 With uncertainty regarding the significance of LGE
and subsequent management in asymptomatic athletes, CMR is
not recommended as a first-line screening modality.

Computed tomography [. . .] coronary angiography and
coronary artery calcium scoring
CTCA is an excellent technique for assessing athletes in whom is-
chaemic heart disease is suspected, either due to anomalous coron-
ary ostia or acquired atherosclerotic disease. The ability to identify
the course of the coronary arteries relative to surrounding vessels
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and structures makes it the technique of choice for diagnosing
anomalies in the coronary circulation and evaluating the prognostic
implications. However, because significant coronary anomalies are
relatively rare (less than 1 in 2000158), CTCA should be reserved
for those athletes with symptoms or abnormalities on PPE, which
raise justified clinical suspicion.

A second issue is that of acquired coronary artery disease, which
constitutes the dominant cause of SCD in athletes aged in their 4th
decade and beyond. Whilst intense exercise is an established trigger
of coronary events, regular exercise training attenuates this risk.159

The rationale for screening for atherosclerotic coronary disease in
master athletes is that the identification of at-risk subjects may lead
to more aggressive preventative therapies, although the role of ex-
ercise promotion or restriction in these settings is unclear. Coron-
ary artery calcium score is an established marker of cardiovascular
risk160 but it remains uncertain as to whether resultant changes in
management may significantly modify cardiovascular risk and future
incidence of coronary events. Current guidelines support the use of
CACS in males and females who have an intermediate cardiovascu-
lar risk (10–20% Framingham risk score), in whom the result may be
expected to change the outcome. Although there is some specula-
tion that intense exercise training may impact on this risk,161,162 the
evidence is not sufficiently compelling to suggest that screening re-
commendations should differ for athletes as compared with the
wider population. Thus, CACS can be considered in the minority
of middle-aged and older athletes with a coronary risk that is at least
moderate in athletes in whom a justified clinical suspicion exists.

Existing screening programmes,
rationale, and limitations
Cardiovascular PPE has increasingly been integrated into the annual
pre-competition medical assessment of competitive athletes. Pre-
participation evaluation attempts to identify pre-existing cardiac ab-
normalities, ensuring optimal management, and thereby reducing
the potential for adverse events and loss of life, i.e. SCA/SCD.
Nevertheless, the aim of PPE might not be limited to the identifica-
tion of underlying cardiac conditions, but may represent a unique
opportunity to establish contact with a physician, undertake a gen-
eral health assessment and provide positive basic lifestyle habits.

Both the American Heart Association (AHA)/American College of
Cardiology (ACC)163 and the European Cardiology Society (ESC)7

agree in that compelling justification exists for CV pre-participation
screening on medical, ethical and legal ground. Whilst agreement
on the implementation of PPE exists, there remains a difference in
opinion regarding the methods employed to assess cardiac risk.

For competitive or professional athletes, a consensus statement of
two Working Groups of the ESC recommends personal history, phys-
ical examination and a resting 12-lead ECG at a minimum,7 whilst the
AHA/ACC163 do not recommend the inclusion of the ECG in mass
screening. This major difference ultimately impacts upon the sensitivity,
specificity, and cost-effectiveness of the screening programme.

To protect athlete health, major international sporting bodies
have taken the lead, either adopting the ESC7 or AHA/ACC163 pro-
tocols or establishing their own, such as Fédération Internationale de
Football Association (FIFA). Furthermore, the question of who gets

screened is governed by the international sporting bodies them-
selves, rather than state sponsored healthcare systems (excluding
Italy and Israel). For example, FIFA and Union of European Football
Associations (UEFA), now mandate pre-tournament cardiac screen-
ing irrespective of which country an athlete originates from, while
others, such as the International Olympic Committee (IOC), simply
recommend it as the best practice.164,165

Table 3 shows the recommendation policy and methods of the
screening protocols currently implemented by nineteen major
international sporting organizations.

Evidence supporting preparticipation
evaluation programmes: impact on
cardiovascular mortality
The only evidence supporting that CV PPE is lifesaving is based on the
Italian experience.3 Mortality data derived from a time-trend analysis
over a 26 year period (1979–2004), when PPE was introduced, de-
monstrated that the incidence of SCDs in athletes decreased by
89%; from 3.6 per 100 000 person-years in the pre-screening period
to 0.4 per 100 000 person-years in the screening period. By compari-
son, the incidence of SCDs in an unscreened non-athletic population
of the same age did not change over the same time duration. Death by
the cardiomyopathies were greatly reduced, with the proportion of
athletes identified and disqualified due to HCM and ARVC doubling
from the early to the late screening period.

This study suggests that systematic PPE programme can signifi-
cantly decrease mortality, via identification and disqualification of
athletes with an underlying and unsuspected cardiomyopathy. This
conclusion is supported by the following considerations; (i) the de-
crease in athlete deaths occurred at the same time as the implemen-
tation of national screening programme; (ii) the reduced mortality
was largely due to fewer deaths from cardiomyopathies, which
was accompanied by an increased number of cardiomyopathies
identified at screening; (iii) the incidence of SCDs did not change
among the unscreened non-athletic population of the same age.

Nevertheless, some limitations of the Italian work should be ac-
knowledged,166,167 including its observational, retrospective design
subject to an immortality-time bias.168 The fact that only fatalities
were considered, thus ignoring a likely increasing number of suc-
cessfully resuscitated cardiac arrests over the last decades might
have created the impression that the incidence of cardiac arrest is
decreasing when only fatal events are counted.169 Finally, some
authors claim that a relatively high mortality rate observed at the be-
ginning of mandatory ECG screening in Italy might have increased
the odds of detecting a mortality reduction during the study
period.167,170

To date, the results of the Italian experience have not been repro-
duced by other research groups. The major criticism is based on the
Israel experience.167 Steinvil et al. claim that the yearly incidence
of athletic field deaths did not change between 1985–96 (2.54
per 100 000 persons) and 1997–2009 (2.66 per 100 000 persons)
in Israel despite the introduction of a screening programme includ-
ing 12-Lead ECG. However, major methodological limitations are
also present in the Steinvil et al.167 work. First, the number of
SCDs were derived from searching uniquely in two newspapers,
largely underreporting cardiac events.2,14 Second, the size of the
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population of competitive athletes was not known, but rather
estimated.

Maron et al.170 compared deaths rates in young athletes from
Veneto screened with ECG vs. athletes from Minnesota (a demo-
graphically similar population) screened by history and physical
examination, i.e. without ECG. They found that over a comparable
11 year period (1993–2004), 12 deaths were reported in Veneto
and 11 in Minnesota. When analysed as deaths per 100 000 person-
years, the two regions did not differ significantly for the period
1993–2004 (0.87 vs. 0.93, respectively, P ¼ 0.88). The study con-
cluded that SCDs in young competitive athletes occurred at a low
rate in both Veneto and Minnesota, despite different screening strat-
egies. However, also in this study caution is needed, in consideration
that the numerator (i.e. SCDs) in American athletes was derived
uniquely from insurance claims and media reports, methods known
to underreport young athlete’s events.2,14

Cost-effectiveness considerations
There is general agreement that ECG screening improves the sensi-
tivity for detecting unsuspected cardiac disease among asymptomat-
ic athletes. However, whether its additive cost within a preventive
programme is financially sustainable remains largely controversial
and dependent on the funding organ.

A calculation of the ECG-based cost-effectiveness was provided by
Halkin et al.,171 based on the Italian experience3 and assuming its gen-
eralizability to other regions. The following assumptions were made:

(1) The number of athletes undergoing medical screening remains
constant because a 2% yearly increment in the population of
athletes compensates for the 2% per year disqualification rates
for athletes (as reported in the Italian study).3

(2) The entire population of athletes undergo repeated screening
that includes history taking, physical examination, and ECG
every single year. In addition, 9% of athletes require additional
tests because of positive findings in the basic screening.

(3) For every 10 000 athletes, it was estimated that 7% (700) under-
go additional tests that exclude the presence of heart disease,
including 700 echocardiograms, 133 (19%) exercise tests, 35
(5%) Holter, and 7 (1%) cardiac catheterization, electrophysio-
logic and/or CMR studies. In addition, 200 (2% of the 10 000)
athletes undergo more tests (198 echocardiograms, 164 exer-
cise tests, 6 Holter recordings and 10 cardiac catheterizations,
electrophysiologic and/or CMR studies) and are eventually dis-
qualified from sport participation.

(4) The mortality rate without screening is assumed to remain as high
as in the pre-screening period (4 per 100 000 athletes).3 In

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Major international sporting federations with a pre-participation cardiovascular screening policy for elite or
professional athletes

Sporting Federation Mandatory or
recommended

Screening
protocol

Primary screening methodology

Physical
examination

Personal
symptom and FH

12-lead
ECG

Echocardiography

International Olympic Committee Recommend IOC 3 3 3

International Paralympic Committee Recommend IOC 3 3 3

Fédération Internationale de Football
Association

Mandate Self-imposed 3 3 3 3

Union of European Football Associations Mandate Self-imposed 3 3 3 3

Union Cycliste Internationale Mandate Self-imposed 3 3 3 3

Fédératoin Internationale de
Motocyclisme

Mandate Self-imposed 3 3 3 3

Fédération Internationale de
l’Automobile

Mandate Self-imposed 3 3 3 3

International Association of Athletic
Federations

Recommend IOC 3 3 3

National Basketball Association (USA) Recommend AHA 3 3 3

National Football League (USA) Recommend AHA 3 3

Major League Baseball (USA) Recommend AHA 3 3

National Hockey League (USA) Recommend AHA 3 3

World Rugby Recommend Self-imposed 3 3 3

Fédération Internationale de Natation Recommend Self-imposed 3 3 3

World Boxing Federation Recommend Self-imposed 3 3 3

International Handball Federation Recommend IOC 3 3 3

International Triathlon Union Recommend IOC 3 3 3

Fédération Internationale de Ski Recommend IOC 3 3 3

Fédération International des Sociétés
d’Aviron

Mandate IOC 3 3 3
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contrast, the mortality of screened athletes follows the event-
free survival curve published in the Italian study that gradually
descends to 0.43 per 100 000 athletes during the last 4 years
of screening. Assuming 100 000 athletes are evaluated every
year, for 2 200 000 athlete-screening-tests performed over a pro-
longed period of 22 years,3 the number of athletes expected to
die in the absence of screening is 88 and the number of athletes
expected to die despite screening is 35. The number of lives
saved with 2 200 000 screening tests is 53. It should be acknowl-
edged, however, that this figure does not take into consideration
the number of cardiac arrests successfully resuscitated.

(5) The number of tests to be performed in order to save one life
include 41 000 electrocardiograms, 3700 echocardiograms,
1200 exercise stress tests, 54 Holter and 71 cardiac catheteriza-
tion, electrophysiologic studies and/or CMR tests.

Taking these assumptions and the cost of each test into consider-
ation, the cost of saving one life will vary considerably by country.
In the USA, where diagnostic testing for screening purposes is not
commonly reimbursed, the PPE and additional testing should be
computed singularly, using the price reported for Medicare reim-
bursement, which will raise the cost to .10 million US dollars to
save one life.171

It should be noted, though, that cost-efficacy analyses heavily rely
on a priori assumptions (Table 4). Factors such as the cost of each
test, the prevalence of underlying cardiomyopathies, the estimated
SCD risk conferred by each cardiac condition and the sensitivity and
specificity of screening tests critically influence outcomes. Wheeler
et al. also based their analyses in the Italian experience.3 The authors
concluded that adding a single ECG to history and physical examin-
ation at participation entry would save 2.06 life-years per 1000
young athletes screened at a cost of $42 000 per life-year saved.174

Nevertheless, this analysis does not consider the annual re-
evaluation carried out in the Italian screening programme.

An assessment of the cost/efficacy ECG-based PPE in Italy was re-
ported by Corrado et al. in 2013.177 Corrado and collaborators
used the current medical costs in Italy and assumed a constant mor-
tality rate for the whole study period at 0.4/100 000 and 3.6/100 000
for screened and non-screened athletes, respectively. With these
premises in mind, each life saved would cost �E1 000 000. Assum-
ing that young competitive athletes saved from SCD will live at least
an additional 20 year period, the cost per year of life saved can be
estimated at �E50 000 per year.

While other authors estimated a similar cost per life-year
saved,172 Schoenbaum et al. found a remarkably higher $68 000
per life-year saved in 14 year-old athletes.176 The overall cost of
an screening strategy including clinical history, physical examination,
and ECG yields a variable cost-efficacy ratio ranging from
$76 100174 to roughly $100 000175 per life-year saved, including
therapeutic management and follow-up.

Consensus statements
The present document represents the effort of an expert panel of
scientists and professionals to offer a comprehensive and unbiased
overview of the several and still debated issues surrounding the best
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strategies to minimize the risk of cardiac arrest/sudden death in the
athletic population.

The goal of the panel was to formulate a consensus, which repre-
sents a reasonable balance between the availability, sensitivity, spe-
cificity, and feasibility for implementation of the diagnostic tests
deemed to the timely identification of CV disease at risk in the ath-
letic population.

The major limitation of the present document is the limited scien-
tific evidence inherent to most of the debated issues. Due to the
scarcity of scientific studies concerning the impact of regular sport
activities on the clinical presentation and outcome of several CV dis-
eases, the panel acknowledges the difficulties inherent in formulating
advices regarding the best diagnostic work out and the risk stratifi-
cation for most CV disease.

With these limitations in mind, we summarize here the agree-
ment existing within the panel with regard to the following points:

Aim and nature of the preparticipation
evaluation
The primary scope of the PPE is to identify cardiac diseases clinically
silent that may be associated with cardiac arrest/sudden cardiac
death in relation with exercise training and competitive sport
participation.

However, the scope of the PPE is not merely limited to preven-
tion of SCD, but extends to the identification and appropriate man-
agement of those CV conditions that may worsen because of
intensive athletic training, as well as PPE may be the time for primary
prevention of CV disease and improvement of CV health, through
educational, nutritional, and treatment interventions. Therefore,
PPE is a preventive medical programme justifiable on ethical, social,
and medical ground.

Protocol of the preparticipation
evaluation
The protocol of PPE including clinical history, physical examination,
and 12-lead ECG demonstrates to have superior diagnostic capabil-
ity than just clinical history and physical examination. There is com-
pelling scientific evidence that the 12-lead ECG improves
substantially the diagnostic power of PPE, mostly due the capability
to identity arrhythmogenic conditions at risk (cardiomyopathies and
channelopathies).

Available data suggests that routine echocardiography or other
imaging modalities do not add substantial diagnostic power to the
PPE as a mass screening technique and do not appear to be cost/ef-
fective. Therefore, at the moment the ECG-based PPE represents
the most effective protocol to evaluate athletes (i.e. best clinical
practice), although several limitations should be acknowledged.

Relevant to the diagnostic capability of the ECG-screening proto-
col is the issue of false positive ECGs and the challenge of appropri-
ate interpretation of the ECG in trained athletes. The updated
recommendations for interpretation of the athlete’s ECG (Seattle
criteria) represent a useful document to the scope.

The evidence derived from the Veneto experience suggests that
PPE based on ECG, implemented as mass screening in the athletic
population is associated with substantial reduction in CV mortality.

Implementation of the preparticipation
evaluation
The implementation of a PPE is a complex issue, in which the avail-
ability of trained medical/paramedical personnel, but also adequate
logistic, as well as a supporting legal and economic framework
should be taken into account. Some of the controversies related
to implementation of PPE (e.g. Italy vs. US positions) represent an
expression of the different cultural, social, and legal framework ex-
isting in these countries, but also reflect dissimilar analyses of scien-
tific evidence.

This panel believes that PPE should be considered and advised for
individuals performing regular, intense exercise, after proper infor-
mation of both its benefits and limitations. This panel believes that
sport organizations, such as the International Olympic Committee
and national and international federations, share the responsibility
to properly inform elite and professional athletes of the benefits
and limitations of the PPE and to advise PPE in professional athletes
on the basis of perceived responsibility and public scrutiny.

It goes far beyond the scope of the document to suggest global
national PPE programmes. General population screenings remain
within the strict framework of the government of countries, accord-
ing to the perceived cultural, social, and legal priorities and available
economic resources. Indeed, different interpretation of scientific
evidence and opposing cultural attitudes underlay the current dis-
crepancies on mandatory PPE.

Future directions
PPE programmes still have plenty of room for improvement. Sudden
cardiac death during physical activity needs to be better character-
ized to provide a better understanding of its impact. Future research
should pave the way for a better identification of individuals at risk,
which is not only accomplished by their better identification, but
also more accurate risk stratification allowing a lower burden of
sport disqualification. The design of better non-invasive techniques
should aim at identifying those conditions that remain silent with
conventional actual techniques, namely coronary artery abnormal-
ities and subclinical CAD. Such improvements will likely have an im-
pact on the perception of athletes and the society of PPE, will reduce
costs and improve efficiency.
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