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Foreword

Consulting Editor

Michael H. Crawford, MD
Consultative cardiologists frequently encounter
patients in whom a component of their ‘‘abnormal
findings’’ may be due to the effects of athletic train-

ing. I recently saw a young man with a large right
ventricle andwhat looked like an atrial septal defect
on transthoracic echocardiography. His history

revealed intense athletic training and transesopha-
geal echo showed a patent foramen ovale. Clearly,
his right heart enlargement was due to his exercise

training and not the patent foramen. He did not
need this foramen closed.

The topic of the athlete’s heart has been covered

in two earlier issues of the Cardiology Clinics that
were guest edited by Dr. Barry Maron. Recently,
there has been considerable data on this topic ema-
nating from Italy, which has the most organized

sports medicine program of any country in the
world. Thus, I was delighted when Dr. Antonio Pel-
liccia, who has generated much of this data, agreed

to guest edit this issue on the athlete’s heart. He
has assembled experts from all over the world to
cover topics in three basic areas: the physiology of

the athlete’s heart, clinical issues, and how to man-
age these individuals. There is considerable practical
information concerning how to screen athletes for
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cardiovascular disease andhow tomanageproblems
such as syncope, tachyarrhythmias, and hyperten-
sion in athletes. Also, there are separate articles on

the three important cardiomyopathies that can lead
to sudden death in athletes: hypertrophic, arrhyth-
mogenic right ventricular, and dilated. In addition,

the issue of ischemic heart disease is discussed, since
athleticism at older ages is becomingmore common.
Finally, there is a discussion about the use of internal

cardioverter defibrillators in athletes, which has
become an important legal issue.

I am confident that you will enjoy this world-

class issue on a complex problem that is fre-
quently seen today because of increased exercise
and sports participation all over the world.

Michael H. Crawford, MD
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Preface

Guest Editor

Antonio Pelliccia, MD
The athlete’s heart is one of the most intriguing
and stimulating topics in clinical cardiovascular
medicine. The effects of chronic exercise on the

heart were initially investigated in animal models
at the end of twentieth century, and scientists rec-
ognized that wild animals have an enlarged and

hypertrophied heart in comparison to domesti-
cated animals. For instance, the heart weight of
the hare is double that of a rabbit of similar age

and weight [1].
The first description in humans of cardiac

changes associated with exercise training and sport

competition date as far back as 1899, when S. E.
Henshen, Professor of Medicine at the University
of Uppsala, published the report A Study in Sports
Medicine; Skiing and Competitive Skiing, in which

he stated that ‘‘skiing causes an enlargement of
the heart and this enlarged heart can performmore
work than a normal heart. There is, therefore,

a physiologic enlargement of the heart due to ath-
letic activity’’ (ie, the ‘‘athlete’s heart’’) [2]. This ac-
curate definition is impressive when we consider

that Henshen assessed heart size in cross-country
skiers uniquely by carefully performed chest
percussion!

Subsequently, Scandinavian scientists F.

Rohrer and A. Kahlstorf introduced radiologic
techniques to assess heart volume in athletes [3].
Cardiac volume was routinely assessed with radi-

ography in athletes participating in the 1928
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Olympic Games in Amsterdam, and the concept
was raised that cardiac size differed in athletes ac-
cording to the type of sporting discipline in which

they participated, with athletes engaged in endur-
ance sports (such as long distance running, cy-
cling, or swimming) showing the most enlarged

hearts [4,5]. Assessment of cardiac volume with
radiography was largely used by Reindell and sub-
sequently by Hollman, who confirmed the original

observations of Deutsch and Herxheimer and
added the concept that enlarged cardiac size was
associated with improved physical performance,

in that athletes who showed the greatest increase
in radiographic heart volume also showed the
highest aerobic capacity, as expressed by maxi-
mum oxygen uptake [6,7].

However, the concept that sport activity
was responsible, per se, for a purely physiologic
cardiac remodeling was largely controversial

within the scientific community. Several scientists
expressed concern regarding the intrinsic nature
and long-term clinical consequences of morpho-

logic cardiac changes observed in athletes, and
referred to this issue as athlete’s heart syndrome.
Dietlen, for instance, refused to believe that dila-
tation of the heart was a physiologic adaptation

and postulated that participation in strenuous
sport activity would, over time, result in a deterio-
ration of cardiac function and predisposition to

heart failure [8]. As recently as 1972, the concept
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that cardiac dimensional increase in athletes ‘‘is
likely the consequence of a rheumatic, syphilitic
or congenital heart disease’’ was expressed in a ma-

jor textbook of cardiology edited by Friedberg [9].
Moreover, cardiovascular morbidity was believed
to be greater in trained athletes, in spite of the lack
of epidemiologic studies supporting this view.

Substantial contributions to the clinical issues
surrounding the athlete’s heart were made in Italy
in the 1930s, when the first manual dedicated to

the evaluation of athletes, Controllo medico dello
sport (Medical Evaluation in Sport), was published
by Ugo Cassinis [10] and subsequently in the

1960s when Antonio Venerando performed serial
radiologic and electrocardiographic studies on
athletes participating in the 1960 Olympic Games
in Rome [11]. Based on the privileged observatory

of the Institute of Sport Medicine, Venerando and
colleagues (Fig. 1) made several intriguing obser-
vations. A variety of cardiac radiographic silhou-

ettes were described in trained athletes, in selected
cases mimicking those found in patients with val-
vular or congenital heart disease, and raising the
question of differential diagnosis [12]. The electro-
cardiographic studies of Olympic athletes showed
a large proportion of sinus bradycardia, increased

R/S wave voltages in precordial leads, and
delayed AV conduction, which were considered
benign expressions of the athlete’s heart. Indeed,
certain alterations were also associated with

the athlete’s heart, such as the second-degree
AV block or the diffusely inverted T waves in
precordial/standard leads (Fig. 2) [13]. Such ob-

servations unavoidably raised new scientific de-
bate and received enormous scientific attention
at the International Conference of Sports Cardi-

ology, held in Rome in 1978.
Echocardiography, introduced in clinical car-

diovascular medicine at end of the 1970s, gave
great impulse to investigation of the morphologic

and functional features of the athlete’s heart, with
Rost being one of the pioneer cardiologists who
investigated the echocardiographic dimensional

changes in athletes according to age and type of
sport [14]. In 1975,Morganroth and colleagues [15]
published the first comparative echocardiographic
Fig. 1. (A) Professor Antonio Venerando and (B) Professor Antonio Dal Monte at work at the Institute of Sports

Medicine in 1966.
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Fig. 2. Chest radiographs from (A) a 27-year-old male professional cyclist showing a symmetrically enlarged cardiac

silhouette and (B) a 24-year-old male elite water polo player showing an enlarged cardiac silhouette suggestive of

distinctly enlarged left ventricle dimensions. (C) A 12-lead echocardiogram recorded in a 32-year-old male athlete

participating at the 1960 Olympic Games in Rome showing diffusely markedly abnormal repolarization pattern in

association with increased R/S wave voltages in precordial leads V2–V5.
study of cardiac dimensions in athletes engaged in
endurance-type and strength-type sports in theAn-

nals of Internal Medicine. This investigation pio-
neered a large series of studies assessing the
mechanisms, upper limits, and clinical correlates
of cardiac remodeling in trained athletes according

to type of sport, sex, and age. In this context,
a study describing the characteristics and upper
limits of left ventricular hypertrophy in the largest

athlete cohort was published in 1991 in the New
England Journal ofMedicine [16]. The largest inves-
tigation describing the athlete’s heart in women ap-

peared in 1995 in JAMA: the Journal of the
American Medical Association [18] and, subse-
quently, a report on the upper limits and clinical
correlates of left ventricular dilatation was pub-

lished in 1999 in the Annals of Internal Medicine
[17].

A new impetus for understanding the clinical

issues surrounding the athlete’s heart was
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provided by reports describing adverse cardiac
events (ie, sudden cardiac death occurring in
apparently healthy, young competitive athletes).

In the 1970s, Jokl and McClellan [19] initially de-
scribed the ominous occurrence of cardiac death
during exercise. This controversial problem of
contemporary cardiovascular medicine received

greatest visibility, however, in 1980, when Circula-
tion published Maron’s momentous paper, in
which the most common diseases responsible for

such deaths were reported [20].
In subsequent years, this issue has attracted

great attention, and several surveys have exten-

sively described the spectrum of cardiac patho-
logic conditions associated with sudden death in
athletes [21,22]. Thus, timely recognition of the
structural cardiac abnormalities responsible for

such catastrophes, together with criteria for the
differential diagnosis of athlete’s heart have be-
come the most critical issue, with relevant medi-

cal, legal, economic, and ethical implications.
Prevention of unexpected, sudden death in

young athletes is presently one of the most widely

debated clinical issues in cardiovascular medicine
applied to athletes (sport cardiology) and has
prompted new debate regarding the feasibility,

efficacy, and practicability of preparticipation
cardiovascular screening. To address this prob-
lem, the American Heart Association and the
European Society of Cardiology have recently

published position statements for physicians in
the United States and Europe, respectively
[23,24]. Moreover, the appropriate management

of athletes with known cardiovascular disease rep-
resents a challenging problem in current clinical
practice and has been approached by expert

panels appointed by the American Heart Associa-
tion and European Society of Cardiology, respec-
tively. As a result, consensus documents were
recently published, intended to offer scientific

advice and legal defense to clinicians who are
required to evaluate athletes with known cardio-
vascular abnormalities [25,26].

This issue of the Cardiology Clinics is designed
to offer a comprehensive overview of the most de-
bated and controversial clinical issues surround-

ing the athlete’s heart and to provide updated
information to clinical cardiologists, general prac-
titioners, and sport scientists on how to correctly

differentiate the physiologic cardiac remodeling
induced by competitive sport from structural
cardiac diseases, as well as the criteria to appro-
priately manage athletes with recognized cardio-

vascular abnormalities.
Antonio Pelliccia, MD
Italian National Olympic Committee

Institute of Sport Medicine and Science

Largo P. Gabrielli 1
Rome 00197, Italy

E-mail address: antonio.pelliccia@coni.it
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Left Ventricular Hypertrophy in Athletes: Morphologic
Features and Clinical Correlates

Allen E. Atchley, Jr, MDa, Pamela S. Douglas, MDb,*
aDivision of Cardiovascular Medicine, Duke University Medical Center, Box 31037, Durham, NC 27710, USA
bDivision of Cardiovascular Medicine, Duke University Medical Center, Box 3850, Durham, NC 27710, USA
Cardiac enlargement and hypertrophy in

response to prolonged exercise training have
been described for more than 100 years. Physi-
cians at the turn of the century, such as Henschen

and Osler [1,2], made these observations based
primarily on careful history and physical exami-
nation. The development and technologic refine-
ment of echocardiography throughout the 1970s

and 1980s provided the methodology for a detailed
evaluation of the morphologic and functional
milieu of the heart in trained athletes. A constella-

tion of findings known as the athlete’s heart was
described, including increased end diastolic di-
mensions of the right and left ventricle, left

ventricular hypertrophy, increased left ventricular
mass, and increased volume of the left atrium
with preserved systolic and diastolic function.

Although these structural changes commonly
represent a physiologic process in young and
otherwise healthy athletes, they can also represent
pathologic cardiovascular disease. The athlete’s

heart has been a subject of much study over the
past several decades as the ability to differentiate
a pathologic process from an otherwise benign

physiologic process is of critical importance to
the clinician and patient.

Morphologic changes of the athlete’s heart

represent physiologic adaptation to increase the
efficiency of the heart and vascular system, in part
in response to increases in volume and peripheral
resistance with intense athletic training. The crux

of such an adaptation is the ability to increase

* Corresponding author.

E-mail address: pamela.douglas@duke.edu
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oxygen delivery by way of increased cardiac

output. This can be expressed by the Frank-
Starling Law, which explains the heart’s ability
to increase contractile force and stroke volume in

response to increased volume and mechanical
stretch, and by the Fick principle, in which oxygen
consumption is expressed as a function of cardiac
output times the difference between oxygen

content of the arterial and mixed venous blood
(VO2 ¼ CO � AV O2 difference). Of the structural
changes previously listed, all contribute to in-

creased efficiency of cardiovascular function
through the Starling mechanism, with the excep-
tion of left ventricular hypertrophy (LVH). In-

creased left ventricular thickness, however,
reduces myocardial wall tension that occurs with
increased chamber size at a given pressure, as

expressed by the law of Laplace (in which wall
tension ¼ pressure � radius/thickness) [3].

Changes in cardiac morphology vary signifi-
cantly with the type of exercise training (ie,

isotonic versus isometric), sex, and body size.
Although these differences may be statistically
significant, most findings associated with the

athlete’s heart fall within the normal reference
ranges for appropriately matched control subjects.
In trained individuals who have morphologic

features that are clearly abnormal, or even in an
intermediate ‘‘gray zone,’’ the possibility of a path-
ologic process must be considered. The differential
diagnosis for such individuals includes structural

heart disease, such as dilated cardiomyopathy,
hypertrophic cardiomyopathy, arrhythmogenic
right ventricular cardiomyopathy (ARVC), and

myocarditis. Preserved systolic and diastolic
function and regression of structural abnormali-
ties with deconditioning are consistent with
ights reserved.
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physiologic adaptation to training. Persistence of
pathologic findings warrants cessation of sports
activity and further investigation for potential

genetic or treatable disease processes that may
have a significant impact on morbidity and
mortality, especially with respect to arrhythmia
and sudden death.

Left ventricle

Increased left ventricular end diastolic dimen-
sion in trained athletes has been well documented
in numerous studies over the past several decades
[4–15]. In 1999, Pelliccia and colleagues [13]

studied 1309 elite male and female athletes from
38 different sports and ages ranging from 13 to
59 years. In this study there was a significant

degree of variability in the left ventricular dia-
stolic dimension, with a mean of 48 mm (range,
38–66 mm) in women and a mean of 55 mm

(range, 43–70 mm) in men. Most of these athletes
(55%) had dimensions that fell within the ac-
cepted upper limit of normal (!54 mm). Only

14% of the athletes in this study had left ventric-
ular end diastolic dimensions greater than 60 mm,
and dilatation greater than this is considered
uncommon (Fig. 1) [8,12,13]. In a recent study

of 442 highly trained British athletes from 13 dif-
ferent sports by Whyte and colleagues [14] in
2005, only 5.8% of male athletes had an end

diastolic dimension greater than 60 mm with an
absolute upper limit of 65 mm. None of the 136
female athletes from this study had an end

diastolic diameter greater than 60 mm.
Left ventricular wall thickness can also be

increased in elite athletes. Pelliccia and colleagues

[10] demonstrated that the vast majority, more
than 98%, of trained individuals had a left ven-
tricular wall thickness of 12 mm or less.
Although left ventricular mass in trained individ-
uals is also usually within accepted normal limits,
hypertrophy has been noted [8,10,12,13]. Douglas

and colleagues examined 235 highly trained
triathlon participants and found that 32 (16%)
had septal wall measurements greater than 1.1
cm and only 2 (!1%) had septal wall thickness

exceeding 1.3 cm. In the same group of athletes
only 7 (3%) had a posterior wall thickness greater
than 1.1 cm, and only 1 had a posterior wall

thickness exceeding 1.3 cm [12].
The normal range of left ventricular mass as

calculated from echocardiographic measurements

for non-athlete control subjects has been well
established in studies such as the Framingham
Heart Study [16]. Given that cardiac mass is
calculated as a function of wall thickness and

end diastolic dimension, it stands to reason that
increased cardiac mass is a common finding in
trained athletes who have increased LV size. In

a meta-analysis of 59 studies including more
than 1450 athletes, Pluim and colleagues [17]
demonstrated a highly significant difference

(P!.001) in cardiac mass between trained athletes
(249 g) when compared with control subjects
(174 g). This difference seems to be more pro-

nounced in female athletes, because cardiac mass
can vary significantly with respect to height and
body surface area. Among 235 triathlon partici-
pants studied by Douglas and colleagues [12],

43% of females had an absolute LV mass greater
than the accepted upper limits of normal (198 g)
and only 17% of males had an absolute LV

mass that exceeded accepted upper limits of nor-
mal (294 g) (Fig. 2). Like other morphologic
changes associated with athlete’s heart, LV mass

thus usually falls within the accepted normal
limits for age- and sex-matched control subjects,
and LV hypertrophy, if present, is usually mild
Fig. 1. Distribution plot of left ventricular end diastolic dimension in a group of highly trained male (hatch) and female

(white) athletes. Results demonstrating that approximately 14% of individuals studied have an end diastolic dimension

that is markedly enlarged, greater than 60 mm. (From Pelliccia A, Culasso F, Di Paolo FM, et al. Physiologic left ven-

tricular cavity dilatation in elite athletes. Ann Intern Med 1999;130:23; with permission.)
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to moderate at worst [4–15]. In addition, concen-
tric and eccentric remodeling is rare. In Douglas
and colleagues’ study [12], the septal-to-posterior
wall thickness ratio was normal (!1.3) in 98%

of athletes (Fig. 3). Further analysis for potential
eccentric remodeling was performed by calculating
a relative wall thickness ratio in which the septal

and posterior dimensions are averaged and plotted
against cavity radius. A value of less than 0.30, in-
dicating significant eccentric remodeling, was seen

in 15 (7%) athletes (Fig. 4). Other determinants of
LVH, such as sex, type of exercise, and genetics,
are discussed later in this review.

Cardiac MRI is a rapidly growing and evolving

technology for evaluating cardiac structure and
function that has been used in several studies to
evaluate LV morphology in athletes and control

subjects (Fig. 5) [18,19]. Data from these studies

Fig. 2. Distribution plots of un-normalized left ventric-

ular mass for 235 male and female ultra distance triath-

letes. Athletes who had left ventricular hypertrophy,

according to calculated mass O294 g in men and

O198 g in women, marked with hatched bars. (From

Douglas PS, O’Toole ML, Katz SE, et al. Left ventricu-

lar hypertrophy in athletes. Am J Cardiol 1997;80:1384;

with permission.)
are similar to the previously established values
by evaluation with echocardiography.

LV systolic function is generally preserved in
trained athletes in the face of increased cavity

dimension, wall thickness, and mass [4–15]. This
serves as an important point of differentiation
between potentially pathologic changes with

respect to cardiac morphology versus benign
physiologic adaptation to exercise training. There
have been small studies that demonstrated re-

duced contractile indices in trained individuals
[20,21]. These findings, however, are believed to
be because indices used for the noninvasive assess-

ment of LV function can depend on volume load,
which may be altered in trained individuals. When
load-independent measures of LV function, such
as stress shortening relationships, have been stud-

ied, no abnormalities in myocardial contractility
were observed [22].

LV diastolic function has been well studied in

athletes since the introduction of noninvasive
modes of evaluation with echocardiography. Im-
pairment of diastolic function has been demon-

strated in individuals who have increased LV end
diastolic dimension, LVH, or increased LV mass
when these changes occur in the setting of other

cardiac diseases, such as systemic hypertension,
aortic stenosis, coronary ischemia, or other
primary myocardial diseases [23–27]. Any or all
of these morphologic changes, however, can be

observed in trained athletes with no adverse effect
on diastolic function [7,28–33]. Instead, several
studies evaluating transmitral flow by Doppler

echocardiography have shown higher early peak
diastolic filling velocity and higher ratios of
early-late filling velocities (E/A ratio usually

1.5:1.9) in trained athletes when compared with
non-athlete control subjects [28,31–33], suggesting
supranormal diastolic function. In another study,
Granger and colleagues [29] compared 11 athletes

who had LVH and increased cardiac mass (mean,
127 g/m2) versus 12 control subjects who had
substantially lower cardiac mass (mean, 82 g/m2)

and found no difference between the two groups
with respect to diastolic filling rate. Preservation
of LV diastolic function in the athlete’s heart is

therefore an important point of distinction from
cardiac morphologic changes that may represent
an underlying pathologic process.

Left atrium

Left atrial enlargement is another common
morphologic finding in the heart of trained
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Fig. 3. Distribution plots of septal and posterior wall thickness (upper left and right panels) and septum/posterior wall

thickness ratio and left ventricular end diastolic dimension (lower left and right panels). Normal values are shown in

white, abnormal values are hatched, and markedly abnormal values are black. (From Douglas PS, O’Toole ML, Katz

SE, et al. Left ventricular hypertrophy in athletes. Am J Cardiol 1997;80:1384; with permission.)
Fig. 4. Scatter plot of average left ventricular wall thick-

ness versus cavity radius. The upper line represents a

relative wall thickness (RWT) O0.45, above which con-

centric remodeling is present, and the lower line repre-

sents an RWT of 0.30, below which eccentric

remodeling is present. (From Douglas PS, O’Toole

ML, Katz SE, et al. Left ventricular hypertrophy in ath-

letes. Am J Cardiol 1997;80:1384; with permission.)
athletes [4–15,34–36]. The degree of enlargement
is usually mild to moderate and within accepted
normal limits when compared with non-athlete

control subjects. Increased diameter of the left
atrium is found more commonly in athletes who
have demonstrable changes in LV morphology

and in those individuals active in ultra-endurance
sports activities (ie, cycling and marathon running)
and is believed to be secondary to increased vol-
ume load. In 2005, Pelliccia and colleagues [22]

evaluated left atrial dimensions in 1777 athletes
from 38 different sports. Left atrial dimensions
were 37�4 mm in male athletes (71%) and 32�4
mm in female athletes. Mild to moderate left atrial
enlargement (O40 mm) was common, occurring in
approximately 20% of athletes, but significant en-

largement (O45 mm) was uncommon, occurring
in only 2% of those examined (Fig. 6). In the
same study the occurrence of atrial fibrillation or

supraventricular tachycardiawas rare, with an over-
all incidence of less than 1% [22,35]. Morphologic
changes of the left atrium thus seem to be part of
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Fig. 5. End diastolic T-1 weighted short axis cardiac MRI images demonstrating the left and right ventricular morpho-

logic changes associated with the athlete’s heart (left) compared with that of an untrained control subject (right). These

changes include increased left and right ventricular end diastolic dimension, increased left and right ventricular hyper-

trophy, and increased left ventricular mass in trained athletes. (From Scharhag J, Schneider G, Urhausen A, et al. Ath-

lete’s heart: right and left ventricular mass and function in male endurance athletes and untrained individuals determined

by magnetic resonance imaging. J Am Coll Cardiol 2002;40(10):1856–63; with permission. Copyright � 2002 American

College of Cardiology Foundation.)
the normal physiologic adaptation of the heart and
vascular system in response to exercise training.

Right ventricle

The right ventricle of trained athletes has been

evaluated in many studies [8,9,37–46]. In general,
findings with respect to right ventricular
morphology and function in the athlete’s heart in-
clude mild to moderate increases in end diastolic
volume and wall thickness with preserved contrac-

tile function. Adequate assessment of the right
ventricle by way of transthoracic echocardiogra-
phy can be technically challenging because of its

irregular shape [42–45]. As previously outlined,
cardiac MRI has been used to evaluate LV mor-
phology and mass in trained and untrained
Fig. 6. Distribution plot of left atrial dimension in a group of highly trained male (dark bar) and female (gray bar) ath-

letes. Approximately 20% of individuals have enlarged left atrial dimension greater than 40 mm, with only 2% showing

marked left atrial enlargement greater than 45 mm. (From Pelliccia A, Maron BJ, DiPaolo FM, et al. Prevalence and

clinical significance of left atrial remodeling in competitive athletes. J Am Coll Cardiol 2005;46:690–6; with permission.

Copyright � 2005 American College of Cardiology Foundation.)
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individuals, but studies evaluating the right ventri-
cles of athletes are limited. In 2002, Scharhag and
colleagues [38] evaluated right ventricular struc-

ture and function in 21 trained athletes who had
cardiac MRI and compared the findings to un-
trained control subjects. They found a significant
increase in right ventricular end diastolic volume

of approximately 25% in trained individuals
versus control subjects (mean volumes of 160
mL versus 128 mL, respectively). Right ventricular

mass was also increased by approximately 37% in
trained athletes versus control subjects (mean
gram weight of 77 and 56 g, respectively) (Fig. 5).

Overall right ventricular systolic functionwas com-
parable in both groups. Mild to moderate struc-
tural changes of the right ventricle therefore
occur in response to exercise training, including in-

creased end diastolic volume, wall thickness, and
mass, all of which should be considered normal
physiologic adaptation as part of the athlete’s heart

complex.

Morphologic changes with different types of

exercise training

The type of exercise training is one of the most

significant factors in determining the type and
extent of morphologic changes in the athlete’s
heart [5,6,8,11,13,14,17,22,28,34,37]. In general,

training that is predominantly isotonic (aerobic)
in nature leads to more significant changes in
LV cavity dilatation, wall thickness, and mass.
This is in contrast to athletic activities in which
the training is predominantly isometric (strength)

in nature in which there may be only increased
wall thickness. These differences are believed to
be caused by the increased cardiac output and
volume demand in isotonic training versus the

increased pressure and afterload associated with
isometric training, although for most athletes,
training and competition represent a combination

of the two forms of exercise. The observation that
cardiac morphologic changes varied with respect
to the type of exercise training was first noted by

Morganroth and colleagues [5] in 1975. This find-
ing has been further demonstrated in several stud-
ies, including a study of 947 athletes from 27
different sports by Spirito and colleagues [11],

which demonstrated that the most significant
increases in LV cavity and wall thickness were
observed in sports, such as cycling, rowing, and

cross-country skiing, whereas sports such as
weight lifting and wrestling induced less signifi-
cant changes and the effects on wall thickness pre-

dominated (Fig. 7).

Body size and sex

Body size and sex are also major determinants
on the absolute cardiac morphologic changes

associated with the athlete’s heart [7,8,10–15,47].
In general, larger male athletes have greater
Fig. 7. Graph representing effects of different types of sports training on left ventricular cavity size (light bar) and left

ventricular wall thickness (dark bar). Overall the greatest degree of left ventricular cavity size in wall thickness is asso-

ciated with ultra-endurance aerobic activities, especially those involving upper extremity exercise. (From Maron BJ, Pel-

liccia A. The heart of trained athletes: cardiac remodeling and the risks of sports, including sudden death. Circulation

2006;114:1633–44. Reproduced from the American Heart Association, Inc.; with permission.)
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absolute increases in LV wall thickness, cavity
dimension, mass, and left atrial dimension (see
Figs. 2, 3, and 6). Like other morphologic changes
with the athlete’s heart, LV mass per body surface

area is significantly enlarged when compared with
control subjects but usually falls within the ac-
cepted normal values for these measurements

(!150 g/m2 for men and !120 g/m2 for females).
Cardiac changes associated with the athlete’s
heart are otherwise not routinely scaled with

respect to body surface area, although, because
extremes of body size are often advantageous, ath-
letes may represent outliers when compared with

the population average (eg, jockeys versus basket-
ball players). In a study of 600 female athletes
from various different sports activities, trained in-
dividuals had significantly increased end diastolic

dimension and wall thickness when compared
with non-athletic sex-matched control subjects.
The same female athletes, however, were found

to have significantly smaller cavity dimensions,
wall thicknesses, and mass when compared with
more than 700 male athletes who were involved

in similar sports activities [47]. Although it could
be conceived that the differences in cardiac mor-
phology between male and female athletes were

primarily caused by differences in body size
(body surface area or height), Spirito and col-
leagues [11] demonstrated that female athletes of
similar body size from the same sport had

a smaller LV end diastolic dimension and wall
thickness than male counterparts.

Genetic determinants

The extent and variability of morphologic
changes that occur in the heart of trained athletes

is in large part explained by differences in body
size, type of sport activity, and gender [13,34].
There is, however, a significant degree of variabil-

ity among athletes that cannot be explained by
these factors alone. Other genetic and environ-
mental factors are believed to have a significant
role in the cardiac structural changes in athletes

also. In 1997, Montgomery and colleagues [48]
evaluated 140 military recruits before and after
a 10-week period of strength and endurance train-

ing. Overall the group had mild to moderate
increases in LV end diastolic dimension, wall
thickness, and mass. The group was then evalu-

ated with respect to genotype by different poly-
morphisms of the angiotensin converting enzyme
(ACE) gene. These polymorphisms included
deletion (D) or insertion (I) of a marker where
its absence (D) was associated with higher circu-
lating and tissue concentrations of ACE. This
study demonstrated a significant difference in

LV wall thickness and mass between the different
genotypes. Overall LV mass in the homozygous II
group was increased by 2 g, in the heterozygous

ID group by approximately 38 g, and in the ho-
mozygous DD group by 42 g after exercise train-
ing. Similar findings have been shown with

polymorphisms of the angiotensinogen gene also
[49,50]. There is much more to be learned about
the genotype and resultant phenotypic expression

in the athlete’s heart, but underlying genetic deter-
minants likely play a large role in the degree to
which cardiac structural changes may be observed
in addition to body size, sex, and type of exercise

training.

Athlete’s heart and structural cardiac disease

The ability to distinguish between the adapta-
tions in cardiac morphology associated with
exercise training from those related to pathologic

heart disease is one of the most critical aspects in
evaluating the heart of elite athletes. As previously
discussed, the heart of a trained individual usually

falls within accepted normal limits, including the
following measurements: end diastolic dimension
less than 6.0 cm, LV wall thickness less than 1.3 cm,
septal–posterior wall thickness ratio less than 1.3,

relative wall thickness between 0.30 and 0.45, and
LV mass less than 294 g in men and 198 g in
women [51]. There can be, however, significant

overlap between the upper limits of ‘‘normal’’ in
the athlete’s heart with other forms of structural
cardiac disease. In contrast to the assessment of

systolic function, which is often normal in ques-
tionable cases, diastolic function can be a powerful
discriminator between physiologic and pathologic

hypertrophy. The enhanced filling seen in athletes
is easily separated from the impaired relaxation
and altered filling pattern associated with most
forms of myocardial disease or ischemia [7,28–33].

In addition to systolic and diastolic function assess-
ment, other strategies have been used to help differ-
entiate the physiologic changes associated with

exercise training from pathologic changes of other
structural heart diseases.

Regression of morphologic changes associated

with the athlete’s heart after cessation of training
has been described in several small studies [52–54].
In the largest of these studies, Pelliccia and
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colleagues [52] evaluated 40 elite athletes who had
LV enlargement greater than 6.0 cm or LV wall
thickness greater than 1.3 cm with serial echocar-

diography for an average of 5.6 years after cessa-
tion of exercise training. All of these individuals
had normalization of LV wall thickness and de-
creased end diastolic dimension (Fig. 8). Of the

9 athletes (22%) who had persistent end diastolic
dimension greater than 6 cm, more than half
could be potentially explained by increases in

body weight or ongoing recreational exercise ac-
tivity. There seemed to be no adverse long-term
cardiovascular sequelae associated with the mor-

phologic changes of the athlete’s heart during
the follow-up period.

Cardiac MRI is a rapidly emerging and evolv-
ing technology with many applications, some of

which include assessment of cardiac structure and

Fig. 8. Regression of left ventricular wall thickness asso-

ciated with detraining over an average of approximately

5 years. (From Pelliccia A, Maron BJ, de Luca R, et al.

Remodeling of left ventricular hypertrophy in elite ath-

letes after long-term deconditioning. Circulation

2002;105:944–9. Reproduced from the American Heart

Association, Inc.; with permission.)
function. In 2005, Petersen and colleagues [55]
examined a total of 120 individuals who had car-
diac MRI, including 18 healthy control subjects,

25 athletes who had LVH, and 77 patients who
had LVH in the setting of underlying cardiovascu-
lar disease (hypertrophic cardiomyopathy, aortic
stenosis, or hypertension). In their analysis, a re-

ceiver-operating curve was used to define an LV
diastolic wall thickness to cavity volume ratio of
less than 0.15 mm/m2/mL as normal. This resulted

in an area under the curve of 0.993 and the ability
to correctly distinguish morphologic changes of
the athlete’s heart from those associated with

other underlying cardiovascular disease with a sen-
sitivity of 80% and a specificity of 99%. This
study could not, however, distinguish between
etiologies of LV enlargement among those who

had underlying cardiovascular disease. Cardiac
MRI therefore could be a useful tool in evaluating
individuals who have athlete’s heart and in distin-

guishing the morphologic changes associated with
exercise training from those found in other
underlying pathologic cardiovascular diseases.

Another more novel way of potentially differ-
entiating morphologic changes of the athlete’s
heart from structural cardiac disease is serum

measurement of N-terminal pro-brain natriuretic
peptide (NT-proBNP). NT-proBNP is released
from cardiac myocytes in response to increased
ventricular wall stress and can lead to significantly

elevated serum concentrations in pathologic forms
of structural heart disease [52]. In 2004, Scharhag
and colleagues [56] evaluated serum concentra-

tions of NT-proBNP in 20 trained endurance ath-
letes and compared those results to 20 otherwise
healthy untrained control subjects. The trained

individuals had cardiac structural changes sugges-
tive of athlete’s heart as determined by evaluation
with cardiac MRI. The results revealed that there
was no significant difference in the serum concen-

trations of NT-proBNP between the two groups
with a mean concentration of 24.7 pg/mL in ath-
letes versus 28.9 pg/mL in the controls (P ¼
.56). There may be increases in serum BNP on
initiation of intense training as was demonstrated
by Montgomery and colleagues [48] in their study

of British military recruits, but this finding was
also in conjunction with a high prevalence of the
ACE ‘‘D’’ gene allele and elevated myocardial

mass. Although more study is needed, measure-
ment of NT-proBNP serum concentrations in
chronically trained athletes may be a useful ad-
junct in differentiating pathologic from adaptive

cardiac morphologic changes.
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Clinical correlates

Exercise training conveys an unequivocal
mortality benefit over time [53]. There is, however,
a significant increase in the risk for sudden death

during exercise activity [34,54,57–60]. This risk
varies with age, occurring in less than 1 per
100,000 in young individuals and approximately

6 per 100,000 in older individuals [58]. The differ-
ence between the two groups is primarily caused
by the increasing incidence of coronary artery

disease with aging. Although the absolute increase
in sudden death associated with exercise is small,
owing primarily to the relative infrequency of

such events, the relative risk can be increased by
approximately 2 to 10 times that of sedentary
individuals [58]. Despite the transient increase in
mortality associated with exercise, the overwhelm-

ing benefit of chronic exercise training is an over-
all decrease in mortality. In a large meta-analysis
of 44 observational studies with cohorts ranging

from several hundred to more than 30,000, an
inverse linear dose-response relationship between
exercise and all-cause mortality was observed.

From this study it was further concluded that
even mild to moderate amounts of exercise,
approximately 1000 kilocalories of energy expen-

diture per week, could convey a 20% to 30%
reduction in mortality [61]. Even though there is
a small but significant absolute increase in sudden
death associated with exercise training, this risk is

believed to be far outweighed by the long-term
survival benefit conveyed by chronic physical
training. Although there has been debate over

the potential clinical implications of the structural
changes associated with the athlete’s heart, the
long-term mortality benefit associated with exer-

cise underscores the high probability that these
changes are adaptive and physiologic in nature
for most trained individuals.

Most studies of athletes are cross-sectional

rather than longitudinal. The long-term effects
of a sustained, high level of exercise training in
middle aged and older athletes are far less well

delineated than those of training for only a few
years and in younger individuals. To address this,
a recent preliminary report compared 108 mara-

thon runners older than age 50 years (mean age,
57 years) who had no known coronary artery
disease against 424 matched sedentary control

subjects. The athletic cohort was noted to have
significantly reduced risk factor profiles for the
presence of coronary disease with decreased BMI
(�14%), decreased systolic blood pressure
(�10%), decreased LDL (�18%), and increased
HDL (42%). Despite the favorable risk factor
profile, the marathoners had a significantly
greater amount of subclinical coronary athero-

sclerosis as defined by the prevalence of a cardiac
CT coronary artery calcium (CAC) score of
greater than 100 (36.2% versus 22.2%; P!.003)

[60]. This raises an important question about the
potential need for screening older athletes for
the presence of coronary disease despite their ap-

parent health. These data have only been pub-
lished in abstract form, however, so that
confirmation in another cohort and further study

are needed to elucidate the validity and clinical
implications of these initial findings.

Nevertheless, these cautionary data support
current guideline recommendations for a more

careful assessment of the older individual before
exercise. These include pre-participation screening
in athletic activities for individuals of advanced

age using a thorough history and physical exam-
ination and a baseline electrocardiogram [62].
Further investigation with a symptom limited

maximal exercise ECG stress test is recommended
for individuals who have symptoms consistent
with underlying coronary artery disease or in

asymptomatic men aged 40 to 45 years and older
and women aged 50 to 55 years and older with one
or more risk factors for the development of
coronary artery disease (ie, hypertension, tobacco

use, family history, diabetes mellitus, and
dyslipidemia).

Summary

The athlete’s heart is a physiologic adaptation
in response to chronic exercise training that is
comprised of morphologic changes, including

increased LV volume, increased LV mass and
hypertrophy, increased left atrial volume, and
right ventricular structural changes. Several fac-

tors such as body size, sex, type of exercise
(aerobic versus isometric), and even genotype
can greatly influence the degree to which these

changes may be observed. In general, these
structural changes fall within the normal reference
ranges of appropriately matched control subjects.
There are, however, a small number of trained

individuals who have significant cardiac enlarge-
ment that could potentially represent pathologic
cardiac disease. In these cases the ability to

differentiate structural cardiac disease from nor-
mal adaptation to training is paramount, with the
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increased risk for morbidity and mortality associ-
ated with underlying cardiovascular disease.
Various measures are available to make this

important determination, including cessation of
training (detraining) with serial examination to
evaluate for regression of structural changes,
further evaluation of geometric indices and

functional parameters with echocardiography or
cardiac MRI, and serologic evaluation with
NT-proBNP.

The clinical implications of athlete’s heart are
important, because there is a significant acute and
transient increase in the risk for sudden death

associated with exercise. The risk in young
athletes is largely from structural diseases, such
as hypertrophic cardiomyopathy, arrhythmogenic
right ventricular cardiomyopathy, and coronary

anomalies. In older athletes, the risk is higher than
in younger counterparts, with coronary artery
disease being the most significant risk factor, for

which there are currently no specific screening
recommendations other than a thorough history
and physical examination. Despite the cardiac

morphologic changes and acute risk for sudden
death associated with exercise training, there is an
unequivocal mortality benefit associated with

long-term exercise training and the potential
benefits of physical activity far outweigh the risks.
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Long-term athletic training is associated with
changes in cardiac morphology, commonly de-
scribed as ‘‘athlete’s heart.’’ Although numerous

studies have investigated the effects of training on
cardiac dimensions, most are limited to male
Caucasian athletes, and few data are available

regarding the effect of long-term exercise training
on the woman’s heart. One extensive study
evaluated cardiac dimensions in 600 highly

trained and elite female athletes compared with
those of male teammates. In female athletes, left
ventricular (LV) end-diastolic cavity dimension

ranged from 40 to 66 mm (mean, 49 � 4). The vast
majority of female athletes showed absolute
values within the normal limits (ie, end-diastolic
diameter %54 mm), but a substantial minority

(approximately 8%) had LV cavity size enlarged
(diastolic dimension O55 mm) and occasionally
(1%)markedly dilated (ie, R60 mm).Maximal LV

thickness ranged from 6 to 12mm (mean, 8.2� 0.9)
andwas greater than 11mm in aminority of female
athletes (only 1.5%) but did not exceed the upper

normal limits (ie, 12 mm), overlapping into an
abnormal range (ie, R13 mm) compatible with
hypertrophic cardiomyopathy in any female
athlete. LV mass (normalized to body surface

area) was 80� 16 g/m2 andwas greater than the ac-
cepted normal limits (ie, 110 g/m2) in 6%. Few data
have been published regarding the cardiac dimen-

sions in athletes in relation to ethnic and race differ-
ences. It seems that a larger proportion of African
American athletes compared with Caucasian

athletes have an LVwall thickness exceeding upper
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normal limits; finally, Asian athletes engaged in an
extreme sport activity (such as ultra-marathon
race) showed distinctly enlarged LV cardiac

chambers.

Athlete’s heart and gender

In the last two decades several studies have
extensively described the cardiac dimensional

changes associated with long-term athletic condi-
tioning, ie, the ‘‘athlete’s heart.’’ Morphologic
cardiac alterations in trained athletes include

increased LV diastolic cavity dimension, wall
thickness, and mass, which are considered phys-
iologic adaptations to the hemodynamic load

associated with chronic exercise training. Most
studies investigating the ‘‘athlete’s heart’’ have
been limited to males athletes, however, and few
data are available regarding the effect of long-term

exercise training on the woman’s heart. In recent
years the increasing participation of women in
a broader spectrum of athletic activities and their

high level of achievement in competitions have
raised attention to this issue and have prompted
several studies investigating the woman’s ‘‘athlete’s

heart’’ [1–5].
One of the most extensive studies published in

this field evaluated 600 highly trained and elite

female athletes [6]. This study took advantage of
the database of the Institute of Sport Medicine
and Science in Rome (Italy), where a large popu-
lation of competitive athletes of both genders are

serially examined with echocardiography as a part
of the medical program implemented there [7].
The study included a cohort of 600 women who

were free from structural cardiovascular disease
and who were engaged in a wide range of 27 dif-
ferent sports with long-term participation in com-

petitions, including approximately one third of
ights reserved.
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whom were elite athletes who had achieved recog-
nition in World Championship and Olympic
events.

Cardiac dimensions in female athletes

In the overall group of female athletes, LV
end-diastolic cavity dimension ranged from 40 to
66 mm (mean, 49 � 4 mm) (Fig. 1A). Although

the vast majority of female athletes showed abso-
lute values within the normal limits (ie, end-dia-
stolic diameter %54 mm) [8], a substantial
minority (approximately 8%) had LV cavity size
enlarged (R55 mm), and occasionally (1%) mark-
edly dilated (ie, R60 mm). Maximal LV thickness

(usually corresponding to the anterior ventricular
septum) ranged from 6 to 12 mm (mean, 8.2 � 0.9
mm). Maximum LV wall thickness was greater
than 11 mm in a minority of female athletes

(1.5%) and did not exceed the upper normal limits
(ie, 12 mm) [8] in any of the 600 athletes. Finally,
LV mass (normalized to body surface area) was

80�16 g/m2 and was greater than the accepted
normal limits (ie, 110 g/m2) [9] in 6%.
Fig. 1. (A) Distribution of maximum left ventricular cavity dimensions (end-diastolic diameter) in the 600 female athletes

(white bars with dots). For comparison, distribution in a group of 957 male athletes of the same ethnic origin, age range,

and spectrum of sport disciplines is shown (gray bars). Eight percent of female athletes exceed upper normal limits (ie, 54

mm) versus 47% of male athletes. Only four female athletes (1%) showed a particularly large chamber (R60 mm) versus

179 male athletes (24%). (B) Distribution of maximum left ventricular wall thickness in 600 female athletes (white bars

with dots). For comparison, distribution of maximum wall thickness in a group of 738 male athletes of the same ethnic

origin, age range, and spectrum of sport disciplines is shown (gray bars). Although 2% of these athletes exceed upper nor-

mal limits (ie, 12 mm), women rarely have wall thickness greater than 11 mm and none exceed the normal limit.
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Comparison of female athletes versus sedentary
control subjects

When female athletes and sedentary female
control subjects (of comparable age, body size,

and racial composition) were compared, athletes
showed enlarged LV cavity dimension (average,
þ6%), increased wall thickness (average, þ14%),
relative wall thickness (average, þ9%), and mass

normalized to body size (average, þ25%). Com-
pared with sedentary control subjects, athletes
also showed mildly enlarged left atrial dimension

(average, þ4%) [6].
Despite morphologic differences, athletes did

not show alterations of the indices of LV systolic

function (ejection fraction was O50% in each);
also, diastolic filling pattern as assessed by Dopp-
ler echocardiography was normal, including early
diastolic peak flow velocity (73 � 13 versus 72 �
11 cm/sec in control subjects; p = not statistically
significant) and deceleration of early peak flow ve-
locity (521 � 133 versus 515 � 120 cm/sec2 in con-

trol subjects; ns); however, late (atrial) peak flow
velocity was lower in athletes than in control sub-
jects (30 � 8 versus 35 � 8; P!.001) as a conse-

quence of the lower heart rate typical of trained
subjects. Consequently, athletes also showed in-
creased ratio of the early to late peak flow veloci-

ties (2.6 � 0.9 versus 2.2 � 0.6 of control subjects;
P!.001) [6].

More recently a study using cardiac magnetic
resonance has included young adult elite female

athletes, compared with age- and sex-matched sed-
entary control subjects [10]. This study confirms
that female athletes showed increased left and right

ventricular volumes andmass when compared with
control subjects (ranging fromþ15% toþ50%). In
particular athletes showed LV end-diastolic vol-

ume index 94 � 9 versus 80 � 10 mL/m2 in seden-
tary control subjects and LV mass index 70 � 9
versus 52 � 9 g/m2 in control subjects [10].

Comparison of female versus male elite athletes

In a previous analysis the authors used a groupof
738 male athletes [11] of similar age, ethnic origin,

sporting disciplines, and intensity of training, for
comparison with the group of 600 female athletes
[6]. Elite female athletes when compared with elite

male athletes showed smaller absolute LV cavity di-
mension (�11%),maximumwall thickness (�23%),
relative wall thickness (�9%), and mass normalized

to body size (�31%).Also, dimensions of aortic root
(�9%) and left atrial chamber (�14%) were smaller
in female athletes (Table 1).
LV cavity size in female athletes showed a wide
range of values, from 40 to 66 mm, which was

similar to that observed in male athletes (ie, from
44 to 66 mm). In contrast, LV wall thickness
showed a broader range of values in male (7 to 16

mm) than in female (6 to 12 mm) athletes [12]. In-
deed, LV wall thickness exceeded the upper limits
of normal in a small subset of elite male athletes

(2%), whereas it remained within the accepted
normal limits in all female athletes (Fig. 1).

The gender-related differences in LV wall
thickness were not completely explained by the

different body size (or composition) of the female
athletes, because normalization of LV wall thick-
ness for body surface area (or height) did not

abolish differences among sexes, and men contin-
ued to significantly exceed women [6]. Other stud-
ies [10,11] evaluating selected groups of male and

female athletes, however, have not been able to
confirm gender-related differences in left and right
ventricular volumes.

Determinants of left ventricular remodeling

in female athletes

The authors assessed the impact of potential
determinants on LV dimensions by stepwise
regression analysis in the group of 600 athletes

previously described [6]. The authors found that
approximately 50% of the variability in LV
cavity dimension was associated with body size,

Table 1

Cardiac dimensions in athletes in relation to gender

Female

athletes

(mean�SD)

Male

athletes

(mean�SD) P! Reference

LVDD

(mm)

48.9 � 4.0

8% R55

54.2 � 4.0

47% R55

.001 [6]

49.6 � 3.1

None O60

54.1 � 4.1

5.8% O60

.001 [24]

47.7 � 3.3 51.6 � 3.3 .001 [25]

47.7 � 3.3

None R55

54.1 � 4.1

11% R55

.001 [27]

WT

(mm)

8.2 � 0.9

0% O12

10.1 � 1.2

2% O12

.001 [6]

8.7 � 1.2

0% O12

10.4 � 1.5

2.5% O12

.001 [24]

8.4 � 1.1

None O12

9.8 � 1.2

0.4% O12

.001 [25]

LV mass

(g)

133 � 32 206 � 46 .001 [6]

190 � 41 269 � 63 .001 [24]

160 � 50 211 � 65 .001 [25]

Abbreviations: LV, left ventricular; LVDD, left ven-

tricular diastolic dimensions; WT, wall thickness.
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increasing age, and lower resting heart rate
(which in this population also reflects the dura-
tion and intensity of athletic conditioning). Anal-

ysis of covariance confirmed the independent
impact of type of sport and showed that endur-
ance disciplines, such as cycling, cross country
skiing, and rowing/canoeing had the greatest ef-

fect (ie, enlargement) on LV cavity dimensions.
Other disciplines, such as soccer, basketball,
handball, and other team ball sports (which in-

clude aerobic and anaerobic exercise training)
showed a moderate impact on LV cavity dimen-
sion; finally, technical disciplines such as eques-

trian or yachting had only a minimal effect on
cardiac dimensions (Fig. 2).

These findings are consistent with similar anal-
ysis previously performed in male athletes, in

which different training profiles have been shown
to alter cardiac dimensions in a different fashion,
with endurance disciplines demonstrating the

greatest impact on LV cavity dimension and wall
thickness as it occurs in female athletes [11].
It is also possible that other factors may explain
part of the gender-related cardiac dimensional
differences. Although a large proportion of the

differences between males and females seems to be
related to different body size, other mechanisms
implicated are the lower increase in absolute blood
pressure during peak exercise in women [13] and

their lower level of natural androgenic hormones,
which stimulates cardiac protein synthesis [14]. Fi-
nally, genetic factors have recently achieved greater

recognition as independent determinants in the
cardiac remodeling of trained athletes [15–17].

Outer limits of left ventricular remodeling
in female athletes and implications for

cardiovascular screening

The upper limits to which absolute LV di-
mensions are increased as a consequence of
athletic conditioning in women have particular

relevance to the differential diagnosis between
‘‘athlete’s heart’’ and structural cardiovascular
Relative Impact of Different Sports on LV Cavity Dimension
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Fig. 2. Representation of the relative impact of different type of sport on left ventricular cavity dimension (as assessed by

stepwise and covariance analysis) in a population of 600 competitive female athletes [6]. The impact of each type of sport

is shown in comparison with others, given that the impact of sedentary matched control subjects is equal to zero.

Hockey, field hockey.
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disease. In fact, female athletes not uncommonly
show enlarged LV cavity dimension (ie, end-
diastolic dimension R54 mm) and occasionally
markedly dilated dimension (R60 mm) that

overlaps into a distinctively pathologic range
observed in patients who have dilated cardiomy-
opathy (DCM) [18,19]. This morphologic finding

raises a differential diagnosis between an extreme
physiologic adaptation to intensive exercise
training and a pathologic cardiac condition

such as DCM, with the potential for adverse
clinical consequences. Resolution of this di-
lemma has relevant clinical and legal conse-

quences, because the correct identification of
the physiologic nature of LV dilatation may
avoid an unnecessary withdrawal of the athlete
from competitions and the unjustified loss of

the varied benefits (including economic) derived
from the sport [20].

Certain criteria have been suggested to help in

this differential diagnosis: in patients who have
DCM, the LV cavity is disproportionately en-
larged and modifies to a more spherical shape [19];

in trained athletes, LV cavity enlargement is asso-
ciated with consistent enlargement of the right
ventricle; indeed, the physiologically dilated LV

cavity maintains the ellipsoid shape, with the mi-
tral valve normally positioned and without mitral
regurgitation [21,22]. The most definitive evidence
for DCM is, however, the presence of global sys-

tolic dysfunction (ie, ejection fraction !50%) or
evidence of segmental wall motion abnormalities.
Instead, athletes with physiologic LV cavity en-

largement do not show global or segmental sys-
tolic dysfunction or abnormal diastolic filling or
relaxation [21]. Finally, LV cavity enlargement is

a common finding in athletes engaged in largely
aerobic disciplines, such as cycling, cross-country
skiing, rowing, and long-distance running, and is
usually associated with a superior physical perfor-

mance [21].
The upper limits of absolute LV wall thickness

in female athletes rarely exceeds 11 mm and

unlikely overlaps into the abnormal range (ie,
R13 mm) compatible with hypertrophic cardio-
myopathy (HCM) [23]. This observation seems to

differ significantly from that found in male ath-
letes, in whom LV wall thicknesses may exceed
upper normal limits (ie, 12 mm) in a significant

minority [11,24,25]. Intense athletic conditioning
therefore apparently does not represent a sufficient
stimulus to increase LV wall thicknesses in women
up to the gray zone of borderline LV hypertrophy,

and such athletes do not show morphologic
changes that resemble HCM [6]. Considering
that male and female patients who have HCM
show a similar magnitude of LV wall thickening
[26], the presence of LV wall thickness of greater

than or equal to 13 mm in a female athlete is un-
likely to represent a physiologic consequence of
athletic conditioning and more likely is an expres-

sion of a primary pathologic hypertrophy, such as
HCM.

Amore recent study performed in elite male and

female British athletes also supports these results
[24]: 442 adult elite athletes engaged in 13 different
sports were profiled with echocardiography; of

these 136 were female. None of the female athletes
showed maximum LV wall thickness greater than
11 mm; LV diameter was less than or equal to 60
mm in all athletes. Systolic and diastolic function

were within normal limits for all athletes and sim-
ilar to those observed in control subjects.

Finally, in a population of highly trained

adolescent athletes examined by Makan and
colleagues [27] the upper limits of LV cavity
were found to be smaller than in adults; the LV

cavity size exceeded normal limits (ie, O54 mm)
in 18% of 900 athletes, and most of them (77%)
were males.

Athlete’s heart and race

Cardiac dimensions in relation to race

Clinical evidence suggests that racial differ-
ences may exist in the response to certain cardio-

vascular pathologic conditions, such as systemic
hypertension. For example, it is recognized that
Afro-Caribbean hypertensive patients show

a more substantial increase in LV mass than do
Caucasian individuals [28]. It is, therefore, possi-
ble that the increased preload or afterload and

mean systolic blood pressure associated with pro-
longed exercise training may give rise to more
marked morphologic cardiac changes in Afro-Ca-

ribbean compared with Caucasian athletes. Few
data are available, however, describing the physi-
ologic cardiac adaptation to athletic conditioning
in African, Afro-Caribbean, and African Ameri-

can populations.
In a study of African American athletes, Lewis

and colleagues [29] evaluated 265 (99% black) col-

legiate athletes as part of a screening program to
identify occult cardiac disease. In this study,
13% of African American athletes had an left ven-

tricular wall thickness (LVWT) of greater than 12
mm and 1.1% had an LVWT of 16 to 18 mm. All
these individuals were normotensive and denied
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Table 2

Cardiac dimensions in athletes in relation to race

African American

athletes [29] n¼265
West African

athletes [31] n¼21
Asian athletes [34]

n¼291
Caucasian athletes

[21] n¼1309
LVDD (mm) 52�4

(11% O55)

54.1�4.2 61.8�6.9 55.5�4.3
(45% O55)

WT (mm) 11�2
(11% O12)

10.6�1.2
None O12

10.2�1.9 9.3�1.4
(1.1% O12)

Ao (mm) 31�3 29.6�3.6 38.5�4.0 33.3�2.6
LA (mm) 36�4 38.2�4.6 40.2�4.8 35�4
LV mass (g) 202�56 261�28 nd 181�62

Abbreviations: Ao, aortic root; LA, left atrium; LV, left ventricular; LVDD, left ventricular diastolic dimensions;

WT, wall thickness; nd, no data.
drug abuse (but formal drug testing was not per-

formed). In this study, therefore, 13% of athletes
had an LVWT exceeding the upper normal limits,
a finding that is different from the authors’ expe-
rience with Caucasian athletes, in whom only

2% showed LVWT greater than 12 mm [11]. Al-
though it is unlikely that 13% of African Ameri-
can athletes represent true HCM (the prevalence

of the disease in the general population, including
African Americans, is 0.2%) [30], it is possible
that LV hypertrophy in these athletes represents

a marked cardiac response to physical training.
Data on African athletes are lacking: only one

recent investigation has assessed the cardiac di-

mensional changes in a group of highly trained
Cameroonian handball players; it showed an in-
crease of LV cavity size, mass, wall thickness, and
left atrial diameter in athletes in comparison with

sedentary control subjects (age-, sex-, height-, and
weight-matched) [31].

Finally, in a population of 140 elite African/

Afro-Caribbean athletes recently examined by
Sharma, the averageLVwall thicknesswas reported
to be 9.6% higher in African and Afro-Caribbean

athletes compared with 170 matched Caucasian
athletes (11.1 versus 10.0mm;P!.001), and 20%of
the African athletes showed wall thickness exceed-
ing upper normal limits (ie,R12mm) (Table 2) [32].

The exact stimulus to the disproportionate LV
wall thickening in response to exercise training
observed in African American athletes remains

unknown; however, an increased blood pressure
response to exercise has been demonstrated in
African American athletes [33], which provides

one possible mechanism for the differences be-
tween black and white athletes. More systematic
studies are, however, required to define the pres-

ence of a marked LV response to exercise training
and the upper physiologic limits of cardiac
dimensions in African, African American, and

Afro-Caribbean athletes.
Only few data have been published regarding

the cardiac dimensions in Asian athletes [34]. In
a group of 291 Japanese participants in an

extreme sport activity, such as the 100-km ultra-
marathon, LV end-diastolic diameter was
reported to be markedly enlarged (61.8 � 6.9 mm;

range, 42–75 mm), the average septal thickness
was within normal limits (10.2 � 1.4 mm; range,
5–19 mm) and so was the posterior wall thickness

(10.0� 1.4 mm; range, 5–15 mm), but the left atrial
diameter was mildly enlarged (40.2 � 4.8 mm;
range, 26–49mm). In this special subset of athletes,

33 (11%) had LV diastolic diameter greater than or
equal to 70mm, and the investigators reported that
some athletes also had markedly enlarged aortic
root and left atriummore than had ever been previ-

ously reported [35]. Although the influence of
genetic and racial determinants cannot be excluded,
the extreme hemodynamic demand of the

ultra-marathon makes this special subset of Japa-
nese population unsuitable for race-related
comparison.
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The majority of athletes who die suddenly have
previously unsuspected structural heart diseases

[1–10]. The causes of sudden cardiac death (SCD)
reflect the age of participants. In older athletes
(adults over 35 years), atherosclerotic coronary

artery disease is the most common cause of fatal-
ities. In young athletes, there is a broad spectrum
of cardiovascular substrates, including congenital
and inherited heart disorders (Box 1). Cardiomy-

opathies have been consistently implicated as the
leading cause of sports-related cardiac arrest in
the young, with hypertrophic cardiomyopathy

(HCM) accounting for more than one third of
fatal cases in the United States [1,3,7,9] and
arrhythmogenic right ventricular cardiomyopathy

(ARVC) for approximately one fourth in Italy
[2,4–6,10].

Themost commonmechanism of SCD in young
competitive athletes is abrupt ventricular fibrilla-

tion as a consequence of these underlying cardio-
vascular diseases. The culprit diseases are often
clinically silent and unlikely to be suspected or

diagnosed on the basis of spontaneous symptoms
[1–5]. Preparticipation medical evaluation of
athletic populations offers the ability to identify

asymptomatic athletes who have potentially lethal
cardiovascular abnormalities, and to protect them
from the risk of SCD through disqualification
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from competitive sports [5,8]. This article addresses
the efficacy and feasibility of preparticipation

screening, essentially based on 12-lead ECG, as
has been in practice in Italy for 25 years.

Italian screening protocol

Italy is the only country in the world where
preparticipation evaluation is required by law.
A mass screening program, essentially based on

12-lead ECG, has been the practice for 25 years.
Fig. 1 [5,6] reports the flow chart of the Italian pro-
tocol for cardiovascular screening of young com-

petitive athletes. First-line examination includes
family history, physical examination, and 12-lead
ECG. Additional tests are requested only for sub-
jects who have positive findings at initial evalua-

tion. Athletes diagnosed with cardiovascular
diseases are managed according to available guide-
lines. Screening usually starts at the beginning of

competitive athletic activity (age 12–14 years) and
is repeated on a regular basis. Screening in children
is not justified because the phenotypic manifesta-

tionsdboth ECG abnormalities and arrhythmic
substratesdofmost inherited heart diseases associ-
atedwith risk for SCDare age-dependent andoccur
during adolescence and young adulthood [10].

12-lead ECG makes the difference

SCD during sports is most often the
first clinical manifestation of an underlying
rights reserved.
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Box 1. Cardiovascular causes of sudden
death associated with sports

Age greater than or equal to 35 years
Atherosclerotic coronary artery

disease
Age less than 35 years

Hypertrophic cardiomyopathy
Arrhythmogenic right ventricular

cardiomyopathy or dysplasia
Premature coronary atherosclerosis
Congenital anomalies of coronary

arteries
Myocarditis
Aortic rupture
Valvular disease
Pre-excitation syndromes and

conduction diseases
Ion channel diseases
Congenital heart disease, operated or

unoperated
cardiovascular disease, which is usually clinically
silent. This explains why a screening protocol
based solely on the athlete’s history and physical

examination is of limited value for identification
of athletes at risk for SCD. Preparticipation
cardiovascular screening has traditionally been
performed in the United States by means of

history (personal and family) and physical exam-
ination, without 12-lead ECG or other testing,
which are requested largely at the discretion of the

examining physician [1,7]. This screening method
has been recommended by the American Heart
Association Council on Nutrition, Physical Activ-

ity, and Metabolism on the assumption that
12-leadECG is not cost-effective for screening large
populations of young athletes because of its low
specificity [7]. The United States screening strategy,

however, has a limited power to detect potentially
lethal cardiovascular abnormalities in young ath-
letes. One retrospective analysis in the United

States, on 134 high school and collegiate athletes
who died suddenly, showed that cardiovascular
Fig. 1. Flow chart showing the protocol for cardiovascular screening of young competitive athletes that has been in

practice in Italy for 25 years. MR, magnetic resonance. (Modified from Corrado D, Pelliccia A, Bjørnstad HH, et al.

Cardiovascular preparticipation screening of young competitive athletes for prevention of sudden death: proposal for

a common european protocol. Consensus statement of the Study Group of Sport Cardiology of the Working Group

of Cardiac Rehabilitation and Exercise Physiology and the Working Group of Myocardial and Pericardial Diseases

of the European Society of Cardiology. Eur Heart J 2005;26:516–24; with permission.)
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abnormalities were suspected by standard history
and physical examination screening only in 3% of
the examined athletes and, eventually, less than
1% received an accurate diagnosis [11].

The addition of 12-lead ECG has the potential
to enhance the sensitivity of the screening process
for detection of cardiovascular diseases at risk for

sudden death. In fact, ECG is abnormal in up to
95% of patients with HCM [1,6], which is the lead-
ing cause of sudden death athletes. Likewise, ECG

abnormalities have also been documented in the
majority of athletes who died from ARVC, proven
at autopsy [4–6,12]. Moreover, 12-lead ECG offers

the potential to detect (or to raise clinical suspi-
cion) other potentially lethal conditions manifest-
ing with ECG abnormalities, such as dilated
cardiomyopathy, Wolff-Parkinson-White syn-

drome, Lènegre conduction disease, long and short
QT syndromes, and Brugada syndrome. Based on
published series either from the United States or

Italy, these cardiomyopathies, cardiac conduction
diseases, and channelopathies account for up to
60% of sudden deaths in young competitive ath-

letes [1,5,13]. The possibility of detecting either
premature coronary atherosclerosis or anomalous
coronary artery in young competitive athletes is

limited by the scarcity of baseline ECG signs of
myocardial ischemia. However, the authors
reported that approximately one fourth of young
athletes who died of coronary artery diseases had

warning symptoms or ECG abnormalities at pre-
participation screening that could have raised sus-
picion of cardiac disease [5].

Comparison between the Italian screening pro-
tocol and that recommended by the American
Heart Association demonstrates that 12-lead

ECG makes the difference [14]. Among the 33,735
young competitive athletes screened in the Padua
country area, a potentially lethal cardiovascular
disease was actually detected in 43 athletes

(0.13%) and consisted of HCM in 22, ARVC in 8,
dilated cardiomyopathy in 4, Marfan syndrome in
3, long QT syndrome in 2, premature coronary

artery disease in 2, myocarditis in 1, and subvalvu-
lar aortic stenosis in 1. Only 10 (23%) of these
43 athletes had a positive family history, an abnor-

mal physical examination, or both at preparticipa-
tion evaluation that would have allowed their
detection according to the American Heart Associ-

ation protocol. Accordingly, the estimated sensitiv-
ity of screeningmodality based on 12-lead ECG for
identification of athletes at risk for SCD is 77%
greater than that of the screening protocol recom-

mended by the American Heart Association.
Appropriate interpretation of an athlete’s ECG

saves lives as well as money

The 25-year Italian experience has demon-
strated the crucial importance of appropriate

interpretation of ECG abnormalities for proper

cardiovascular evaluation and management of

young competitive athletes [6,15]. Preparticipation

evaluation of Italian athletes is performed by phy-

sicians who have specific training, medical skill,

and scientific background to reliably identify rele-

vant familial history, clinical symptoms, and ECG

abnormalities. Physicians primarily responsible

for screening and determination of eligibility for

competitive sports attend postgraduate residency

training programs in sports medicine (and sports

cardiology) on a full-time basis for 4 years. These

specialists work in sports medical centers specifi-

cally devoted to periodic evaluation of athletes.

Misinterpretation of ECG by nonexperienced
physicians may lead to serious consequences [15].

Athletes may undergo an expensive diagnostic

work-up or may be unnecessarily disqualified

from competition for abnormalities, such as iso-

lated voltage criteria for left ventricular hypertro-

phy (LVH), that fall within the normal range for

athletes. Conversely, signs of potentially lethal

organic heart disease, such as T-wave inversion,

may be misinterpreted as normal variants of an

athlete’s ECG. The experience of screening

athletes for HCM and ARVC/D is noteworthy

in this regard.

The majority of patients with HCM have an
abnormal ECG, with repolarization changes,

pathologic Q waves, and left axis deviation being

the commonest findings [5,16,17]. Isolated QRS

voltage criteria for left ventricular hypertrophy

(Sokolow-Lyon or Cornell criteria) is an unusual

pattern in patients with HCM, in whom patho-

logic hypertrophy is characteristically associated

with additional ECG abnormalities, such as left

atrial enlargement, left axis deviation, delayed

intrinsicoid deflection, T-wave inversion in infe-

rior, anterior, or lateral leads, and pathologic Q

waves [5,16–18]. Such ECG abnormalities of

HCM need to be clearly distinguished from the

ECG patterns seen in trained athletes in whom

physiologic hypertrophy manifests as an isolated

increase of QRS amplitude, with right QRS axis

deviation, normal atrial and ventricular activa-

tion patterns, and normal ST-T repolarization

[18–22].
The authors recently examined and compared

the ECG tracings of 260 consecutive patients with
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clinical and echocardiographic diagnosis of HCM,
and those of 1,005 trained athletes undergoing

preparticipation cardiovascular evaluation, in-
cluding ECG and echocardiography [17,19,23].
An ECG abnormality was found in 246 out of

260 (94.6%) patients with HCM, and in 817 of
1,005 athletes (81.3%). The majority of patients
with HCM had one or more of the following
ECG changes: repolarization ST/T abnormalities

in 209 (80%), pathologic Q waves in 103
(39.6%), left atrial enlargement in 75 (28.8%), in-
traventricular conduction abnormalities in 71

(27.3%), and left axis deviation in 9 (3.5%).
ECG tracings showed isolated increase of QRS
voltages in only 5 HCM patients (1.9%) and

were completely normal in 14 (5.4%).
Compared with patients with HCM, trained

athletes significantly more often had isolated
voltage criteria for LVH (403, or 40%), but

significantly less often negative T waves (27, or
2.7%), pathologic Q waves (17, or 1.7%), and
nonvoltage criteria of LVH (13, or 1.3%). No

athletes with isolated voltage criteria had echo-
cardiographic evidence of HCM. This study
shows that ECG of HCM overlaps marginally

with ECG findings in trained athletes. An isolated
increase of QRS voltage is an unusual pattern
(1.9%) of LVH in patients with HCM, while it is

frequently observed (40%) in trained athletes.
Thus, systematic echocardiographic evaluation
of athletes fulfilling isolated QRS voltage criteria
at preparticipation screening is not justified,

unless such subjects have other ECG changes
suggesting pathologic LVH, relevant symptoms,
abnormal physical examination, or a positive

family history for cardiovascular diseases or pre-
mature SCD, therefore resulting in a considerable
cost savings.

There is a general misconception that inverted
T-waves in precordial leads are frequently
encountered in trained athletes, being part of the

spectrum of cardiovascular adaptive changes to
physical exercise [18]. In particular, T-wave inver-
sion in right precordial leads (beyond V1) is often
dismissed in young competitive athletes as non-

specific or as persistence of the juvenile T-wave
pattern. Detailed analysis of available data shows
that the prevalence of T-wave inversion in two or

more precordial leads did not exceed 4% in large
athletic populations (age equal to or more than
14 years), regardless of training intensity and

duration; moreover, there does not seem to be
a greater prevalence in trained athletes as com-
pared with sedentary people [24,25]. On the other
hand, T-wave inversion is an important ECG
marker of cardiomyopathies, cardiac ion channel-
lopathies, ischemic heart disease, and aortic valve

disease [6]. Of note, right precordial T-wave inver-
sion is present in up to 87% of patients who have
ARVC, a recognized leading cause of athletic field
sudden death worldwide [5,6,12]. Recently, the

authors assessed prospectively the prevalence
and clinical significance of T-wave abnormality
in right precordial leads on the basal 12-lead

ECG of 3,086 consecutive young competitive
athletes who underwent preparticipation screen-
ing at the Center for Sports Medicine in Padua

[26]. One hundred-twenty seven athletes (4.1%)
showed T-wave inversion beyond V1. The preva-
lence of right precordial T-wave inversion
decreased significantly with increasing age (1.4%

in athletes aged more than or equal to 14 years,
versus 9.3% in those aged less than 14 years),
body surface area, and body mass index; more-

over, it was significantly lower in individuals
with complete versus incomplete pubertal devel-
opment (1.3% versus 10.5%). There was no statis-

tically significant association between right
precordial T-wave inversion and gender, type of
sports, and level of athletic training. Among the

127 athletes who underwent ecocardiographic
study because of right precordial T-wave inver-
sion, three (2.3%) were diagnosed with ARVC/
D and disqualified from competitive sports activ-

ity, accounting for an estimated disease preva-
lence of 0.1% in the general young athletic
population.

Thus, T-wave inversion in right precordial
leads is an uncommon ECG finding in postpu-
bertal athletes and deserves accurate investigation

because it may reflect an underlying ARVC/D.
The athlete with right precordial T-wave inversion
should be thoroughly investigated by imaging
techniques, exercise test and 24-hour Holter

monitoring and, when possible, by genetic testing
to exclude a pathologic basis. Genotype-pheno-
type correlation studies in cardiomyopathy reveal

that ECG abnormalities can represent the only
sign of disease expression in mutation carriers,
even in the absence of any other features, or

before structural changes in the heart can be
detected [27]. Accordingly, the perspective that
T-wave inversion is caused by cardiovascular

adaptation in an athlete should only be accepted
once inherited forms of cardiovascular disease
have been definitively excluded by a comprehen-
sive clinical work-up, including investigation of

family members.
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Efficacy of preparticpation screening

The Italian long-term experience has provided
compelling evidence of screening efficacy in iden-

tifying athletes at risk for SCD and in preventing

SCD. Among 33,735 athletes undergoing prepar-

ticipation screening at the Center for Sport

Medicine in Padua, 22 (0.07%) showed definitive

evidence, both clinical and echocardiographic, of

HCM. An absolute value of screening sensitivity

for HCM cannot be derived from these data

because systematic echocardiographic findings

were not available. However, the 0.07% preva-

lence of HCM found in the white athletic pop-

ulation of the Veneto region of Italy, evaluated by

history, physical examination, and ECG, is similar

to the 0.10% prevalence reported for young white

individuals in the United States, as assessed by

echocardiography. This finding indicates that the

Italian screening, which is essentially based on 12-

lead ECG, may be as sensitive as echocardio-

graphic screening in detecting HCM in the young

athletic population.
These results were confirmed by Pelliccia and

colleagues [28]. In their study, 4,450 members of

Italian national teams, initially judged eligible

for competition as a result of Italian baseline sys-

tematic preparticipation screening (ie, history,

physical examination, and 12-lead ECG), subse-

quently underwent clinical and echocardiographic

examination at the Institute of Sports Sciences in

Rome to assess for the presence of undetected

hypertrophic cardiomyopathy or other structural

cardiac disease. None of the 4,450 athletes showed

evidence of hypertrophic cardiomyopathy. This

study further demonstrates that Italian national

preparticipation screening programs, including

12-lead ECG, is efficient in identifying athletes

with hypertrophic cardiomyopathy, and that

echocardiography does not increase screening

sensitivity.
The final objective of screening athletes for

cardiovascular diseases is to prevent SCD during

sports. There is growing evidence that that sys-

tematic preparticipation screening using ECG is

a lifesaving strategy. None of the 22 young

athletes with HCM who were identified by pre-

participation athletic screening in the Padua

country area, and were disqualified from training

and competition, died during an average 8-year

follow-up period [5]. This favorable long-term

outcome of former athletes with HCM was the

result not only of restriction from competitive

sports activity, but also of the subsequent close
follow-up and clinical management aimed at
preventing SCD. These findings indicate that pre-
participation screening does not change merely
the mode of death from exercise-related to exer-

cise-unrelated, but actually reduces mortality
from HCM.

A time-trend analysis of the incidence of SCD

in young competitive athletes aged 12 to 35 years
in the Veneto region of Italy, between 1979 and
2004, confirmed and extended the authors’ pre-

vious observations in athletes with HCM [29]. The
long-term impact of the screening program on
prevention of SCD during sports was assessed

by comparing temporal trends in sudden death
among screened athletes and unscreened nonath-
letes. Assessed intervals were prescreening (1979–
1981), early screening (1982–1992), and late

screening (1993–2004). During the entire study
period, in unscreened nonathletes, the incidence
of SCD was steady at about 0.8 per 100,000 per-

son-years; in contrast, the SCD rates in screened
athletes declined from 4.2 per 100,000 person-
years in the prescreening interval, to 2.4 in early-

screening, and to 0.9 in late-screening (Fig. 2).
Most of the reduction was attributable to fewer
deaths from HCM and ARVC. A parallel study

of disqualifications from competitive sports at
the Center for Sports Medicine in the Padua coun-
try area showed that the proportion of athletes
identified and disqualified for cardiomyopathies

doubled from the early to the late screening period
[29]. This indicates that mortality reduction was
a reflection of a lower incidence of sudden death

from cardiomyopathies, as a result of increasing
identification over time of affected athletes at pre-
participation screening.

Screening feasibility and cost-effectiveness

The long-term Italian experience shows that

screening is made feasible because of its limited
costs in the setting of a mass-program. The cost of
performing a preparticipation cardiac history and
physical examination by qualified physicians has

been estimated to be 25 Euro per athlete, and rises
to 40 Euro per athlete if a 12-lead ECG is added.
The screening cost is covered by the athlete or by

the athletic team, except for athletes younger than
18 years, for whom the expense is supported by
the National Health System [6].

The cost of further evaluation of athletes with
positive findings at first-line examination is
smaller than expected on the basis of the
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Fig. 2. Annual incidence rates of SCD per 100,000 persons, among screened competitive athletes and unscreened non-

athletes 12 to 35 years of age in the Veneto Region of Italy, from 1979 to 2004. During the study period (the nationwide

preparticipation screening program was launched in 1982), the annual incidence of SCD declined by 89% in screened

athletes (P for trend !0.001). In contrast, the incidence rate of SCD did not demonstrate consistent changes over

time in unscreened nonathletes. (Modified from Corrado D, Basso C, Pavei A, et al. Trends in sudden cardiovascular

death in young competitive athletes after implementation of a preparticipation screening program. JAMA

2006;296:1593–601; with permission.)
presumed low specificity of athlete’s ECG. In the

authors’ experience, among 42,386 athletes
initially screened by history, physical examina-
tion, and 12-lead ECG, 3,914 (9%) were referred

for further examination, and 879 (2%) were
ultimately disqualified for cardiovascular reasons
[29]. Therefore, the percentage of false positive
results (ie, athletes with a normal heart but posi-

tive screening findings) requiring additional test-
ing, mainly echocardiography, was only 7%,
with a modest proportional impact on cost.

Summary

In conclusion, the Italian screening protocol
essentially based on ECGdwhich has been used
for preparticipation evaluation of millions of
Italian athletes over a 25-year perioddhas ade-

quate sensitivity and specificity for detection of
potentially dangerous cardiovascular diseases,
and substantially reduces mortality of young

competitive athletes, mostly by preventing SCD
from cardiomyopathy [5,6,29]. The results of the
Italian preparticipation evaluation program have

significant implications for implementing world-
wide this screening strategy for prevention of
athletic field sudden death.
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The highly conditioned young competitive

athlete projects the imagery of the healthiest facet
of our society [1]. Nevertheless, youthful athletes
may die suddenly, often during sports competition
or training [2–13]. Such catastrophes are always

unexpected events and while relatively uncom-
mon, nevertheless achieve high visibility and con-
vey a particularly tragic and devastating impact

upon the medical and lay communities. The fact
that many such athletes may have performed at
exceptionally high levels of excellence for long

periods of time with severe cardiovascular malfor-
mations has long intrigued investigators and the
lay public.

Although initially reported and promoted in
the United States in the early 1980s [13], over the
past several years interest and concern have
heightened considerably regarding the causes of

sudden and unexpected deaths in young trained
athletes [6]. Once regarded as rare personal and
family tragedies, these deaths have been increas-

ingly integrated into the public discourse. Conse-
quently, the underlying cardiovascular causes
have been the focus of several reports from the

United States and Europe, and a large measure
of clarification has resulted [1–13]. Indeed, the
risks associated with participation in organized
competitive sports are diverse, and range from

sudden collapse from a variety of underlying
(and usually unsuspected) cardiovascular diseases

E-mail address: hcm.maron@mhif.org
0733-8651/07/$ - see front matter � 2007 Elsevier Inc. All r

doi:10.1016/j.ccl.2007.07.006
[1–13] to nonpenetrating, chest impact-related ca-

tastrophes [14,15]. Recognition that athletic field
deaths are often caused by detectable cardiovascu-
lar lesions has also stimulated substantial interest,
in both in the United States and Europe, in the

preparticipation screening process in high school
and college-aged athletes [16,17], as well as in
issues related to the criteria for eligibility and dis-

qualification from competitive sports [18,19].

Cardiovascular causes of sudden death in young

athletes

A competitive athlete is defined as one who
participates in an organized team or individual

sport which requires regular competition against
others as a central component, places a high
premium on excellence and achievement, and
requires vigorous and intense training in a system-

atic fashion [18]. This definition is arbitrary, and it
should be underscored that many individuals
participate in recreational sports in a truly com-

petitive fashion.
Several autopsy-based studies have docu-

mented the cardiovascular diseases responsible

for sudden death in young competitive athletes
[2–13]. These structural abnormalities are inde-
pendent of the normal physiologic adaptations
in cardiac dimensions evident in many trained

athletes, usually consisting of increased left ven-
tricular (LV) end-diastolic cavity dimension and
mass, and occasionally LV wall thickness [12,20–

22]. It is important to recognize that assignment
ights reserved.

cardiology.theclinics.com
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of strict prevalence figures for the relative occur-
rence of various cardiovascular diseases in studies
of sudden death in athletes are unavoidably influ-

enced by selection biases and other limitations in
the absence of systematic national or international
registries.

Nevertheless, even with these considerations in

mind, it has been convincingly demonstrated that
the vast majority of sudden deaths in young
athletes (those under age 35) are due to a diverse

array of primarily congenital cardiovascular dis-
eases (about 15) (Fig. 1) [2,7,8]. Indeed, virtually
any disease capable of causing sudden death in

young people may potentially do so in young
competitive athletes. While these diseases may be
relatively common in young athletes dying sud-
denly, each is distinctly uncommon within the

general population.

Hypertrophic cardiomyopathy

The singlemost common cardiovascular cause of
sudden death in young athletes in the United States,
and the focal point of this article, is hypertrophic
cardiomyopathy (HCM) [2,6,7,10,23,24], account-
ing for about 35%of such events (Figs. 1–3). Indeed,

the three most recent (and highly visible) sudden
deaths or cardiac arrests occurring among United
States professional athletes were each due to HCM
(Jason Collier, Thomas Herrion, and Jiri Fischer

in basketball, football, and hockey, respectively),
aswell as one other notable sudden death in aCame-
roon soccer player (with previously diagnosed

HCM) occurring during a televised international
match [12].

HCM is a primary and familial cardiac mal-

formation with heterogeneous clinical and mor-
phologic expression, complex pathophysiology,
and diverse clinical course. It is the most common
genetic cardiovascular malformation occurring in

about 1 in 500 of the general population [25].
Eleven mutated sarcomeric genes have been asso-
ciated with HCM, most commonly beta-myosin

heavy chain (the first identified) and myosin-bind-
ing protein C [24,26]. Nine other genes appear to
Fig. 1. Distribution of cardiovascular causes of sudden death in 1,435 young competitive athletes. ARVC, arrhythmo-

genic right ventricular cardiomyopathy; AS, aortic stenosis; CAD, coronary artery disease; C-M, cardiomyopathy;

HCM, hypertrophic cardiomyopathy; HD, heart disease; LAD, left anterior descending; LVH, left ventricular

hypertrophy. (Courtesy of the Minneapolis Heart Institute Registry, 1980–2005, Minneapolis, MN; with permission.)
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account for far fewer cases and include troponin T
and I, a-tropomyosin, regulatory and essential
myosin light chains, titin, a-actin, a-myosin heavy
chain, and muscle LIM protein (MLP). This in-

tergene diversity is compounded by consider-
able intragenetic heterogeneity, with multiple
different mutations identified in each gene (total

n ¼ more than 400 individual mutations) (http://
cardiogenomics.med.harvard.edu). Characteristic
diversity of the HCM phenotype, even within

closely related family members, is likely attribut-
able to both the disease –causing mutations and
the influence of modifier genes and environmental

factors. Neither the complete number of genes
nor HCM-causing mutations are known, and
many others undoubtedly remain to be identified.

In addition, nonsarcomeric protein mutations in

two genes involved in cardiac metabolism (eg,
gamma-2-regulatory subunit of the AMP-activated
protein kinase [PRKAG2] and lysosome-associated

membrane protein 2 [LAMP-2; Danon disease]) are
responsible for primary cardiac glycogen storage
cardiomyopathies in older children and young

adults [27]. The clinical presentations mimic or are
indistinguishable from sarcomericHCM, but are of-
ten associated with ventricular pre-excitation [27].

Sudden death in HCM is most common in
children and young adults (under age 30),
usually in individuals who previously have
been asymptomatic (or only mildly symptom-

atic) [23,24,28]. Therefore, such catastrophes
usually occur without warning signs and are of-
ten the first clinical manifestation of the disease,

caused by primary ventricular tachycardia/fibril-
lation (Fig. 4). Although most HCM patients
die while sedentary or during mild exertion,

a substantial proportion collapse during or just
after vigorous physical activity [8,12]. The latter
observation, as well as evidence that HCM is
the most common cause of sudden death in

young competitive athletes [2,5–8,10,12] and
that athletes with HCM (and other cardiac dis-
eases) usually collapse during training or compe-

tition [2], support the view that intense physical
activity can represent a trigger for sudden death.
Therefore, it follows that recommending dis-

qualification of athletes with HCM from intense
competitive sports is a prudent management
strategy [18,19]. The one sport which provides

the most practical alternative to disqualification
is competitive golf, which is permitted under
consensus panel guidelines [18].

Clinical diagnosis of HCM is generally

based on the definition (by two-dimensional
echocardiography) of the most characteristic mor-
phologic feature of the disease: that is, asymmetric
thickening of the LV wall associated with a non-
dilated cavity, and in the absence of another

cardiac or systemic disease capable of producing
the magnitude of hypertrophy evident (eg, sys-
temic hypertension or aortic stenosis) [2,24,29]

(see Figs. 2 and 3). Because outflow obstruction
is uncommon under resting conditions [24,28],
the well-described clinical features of dynamic ob-

struction to left ventricular outflow, such as a loud
systolic ejection murmur, marked systolic anterior
motion (SAM) of the mitral valve, or partial pre-

mature closure of the aortic valve, are not re-
quired for the diagnosis of HCM. However, it is
now evident that a substantial proportion of pa-
tients without obstruction at rest develop outflow

tract gradients caused by SAM with physiologic
exercise [30].

Based on both echocardiographic and nec-

ropsy studies in large numbers of patients, it is
apparent that the HCM disease spectrum is
characterized by vast structural diversity with

regard to the patterns and extent of LV hypertro-
phy [31–33] (see Fig. 3). Indeed, virtually all pos-
sible patterns of wall thickening occur in HCM,

and no single phenotypic expression can be con-
sidered classic or typical of this disease. While
many patients show diffusely distributed hyper-
trophy, fully 30% have wall thickening confined

to only one segment of the LV. Average absolute
LV thickness reported from tertiary center co-
horts is 21 mm to 22 mm [23,31].

Wall thickness is profoundly increased in many
patients, including some showing the most severe
hypertrophy observed in any cardiac disease, with

60 mm the most extreme dimension reported to
date [33]. Extreme hypertrophy (maximum wall
thickness greater than or equal to 30 mm) is, in
fact, regarded as an independent risk factor for

sudden death in young HCM patients [34]. On
the other hand, the HCM phenotype is not invari-
ably expressed as a greatly thickened left ventricle,

as in some genetically affected individuals showing
only a mild increase of 13 mm to 15 mm, or even
normal wall thicknesses (less than or equal to 12

mm), usually in asymptomatic family members
identified by virtue of pedigree studies [35]. There-
fore, no specific absolute LV wall thickness is in-

consistent with the diagnosis of HCM [24,31,36].
In some young athletes with segmental

hypertrophy confined to the anterior ventricular
septum (eg, wall thicknesses, 13 mm–15 mm), it

may be difficult to distinguish mild morphologic

http://cardiogenomics.med.harvard.edu
http://cardiogenomics.med.harvard.edu
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expression of HCM from extreme manifestations
of physiologic LV hypertrophy, which represents
adaptation to athletic training (ie, athlete’s heart)

[12,35]. In trained athletes within this morpho-
logic ‘‘gray zone’’ of overlap (about 2% of elite
male athletes) [21], the differential diagnosis and
ambiguity between physiologic athlete’s heart
and HCM (without outflow obstruction) can of-

ten be resolved by clinical assessment and nonin-
vasive testing (Fig. 5) [12,35]. This diagnostic
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Fig. 3. Morphologic components of disease process in HCM. (A) Heart sectioned in cross-sectional long-axis plane. LV

wall thickening is asymmetric, confined primarily to the ventricular septum (VS), which bulges prominently into small

LV outflow tract. FW, left ventricular free wall; Ao, aorta; LA, left atrium; RV, right ventricle; (B) Septal myocardium

shows greatly disorganized architecture with adjacent hypertrophied cardiac muscle cells arranged perpendicularly and

obliquely; (C) Intramural coronary artery with thickened wall, due primarily to medial hypertrophy, and narrowed lu-

men; (D) Demarcated area of replacement fibrosis in septum. (From Maron BJ. Hypertrophic cardiomyopathy. Lancet

1997;350:127–33; with permission.)
strategy involves the application of a number
of noninvasive parameters, such as reduced LV
mass with short deconditioning periods (best

assessed with serial MRI) or LV end-diastolic
dimension greater than 55 mm, both of which
favor physiologic athlete’s heart [12,35]. Con-
versely, an HCM diagnosis would be most likely

with abnormal Doppler-derived LV diastolic
Fig. 2. Heterogeneous pattern and extent of left ventricular wall thickening in HCM. Echocardiographic images in end-

diastole. (A) Massive asymmetric hypertrophy of ventricular septum (VS) with thickness O50 mm; (B) Septal

hypertrophy with distal portion considerably thicker than proximal region; (C) Hypertrophy confined to proximal sep-

tum just below aortic valve (arrows); (D) Hypertrophy localized to LV apex (*) (ie, apical HCM); (E) Relatively mild

hypertrophy in concentric (symmetric) pattern showing similar or identical thicknesses within each segment (paired

arrows); (F) Inverted pattern with posterior free wall (PW) thicker (40 mm) than anterior VS Calibration marks ¼ 1 cm.

Ao, aorta; AML, anterior mitral leaflet; LA, left atrium. (From Klues HG, Schiffers A, Maron BJ. Phenotypic spectrum

and patterns of left ventricular hypertrophy in hypertrophic cardiomyopathy: morphologic observations and significance

as assessed by two-dimensional echocardiography in 600 patients. J Am Coll Cardiol 1995;26:1699–708; reproduced with

the permission of American College of Cardiology.)

=
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Fig. 4. Mechanism of sudden death in HCM. Demonstrated by a stored intracardiac ventricular electrogram from a 28-

year-old asymptomatic patient with extreme LV hypertrophy (ventricular septal thickness, 36 mm) as the sole risk factor.

Patient who received an implantable cardioverter-defibrillator for primary prevention of sudden death. Spontaneous on-

set of ventricular fibrillation is automatically sensed and terminated by a defibrillation shock (arrow), immediately restor-

ing sinus rhythm.
filling or relaxation indices, a family member with
HCM, or small LV cavity in diastole (less than

45 mm). MRI also has potential value for resolv-
ing the HCM versus athlete’s heart dilemma in
selected athletes by virtue of its superiority over

echocardiography in identifying segmental hyper-
trophy in the anterolateral LV free wall or at the
apex (Fig. 6) [32].
Commercial laboratory genetic testing
Commercial laboratory testing is now avail-

able in HCM, with the potential for achieving an
unequivocal DNA-based diagnosis in athlete’s
heart versus HCM or other clinical scenarios

(http://www.hpcgg.org/LMM/tests.html). If a pro-
band is positive for one of the 10 most common
HCM-causing mutant genes tested in the panel,

http://www.hpcgg.org/LMM/tests.html
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Fig. 5. Chart showing criteria used to distinguish HCM

from athlete’s heart when the LV wall thickness is within

the shaded gray zone of overlap (13 mm–15 mm), consis-

tent with both diagnoses. This is assumed to be the

nonobstructive form of HCM in this article, as the pres-

ence of substantial mitral valve systolic anterior motion

would, per se, confirm the diagnosis of HCM in an

athlete. HCM may involve a variety of abnormalities,

including heterogeneous distribution of left ventricular

hypertrophy (LVH) in which asymmetry is prominent,

and adjacent regions may be of greatly different thick-

nesses, with sharp transitions evident between segments;

also, patterns in which the anterior ventricular septum is

spared from the hypertrophic process and the region of

predominant thickening may be in the posterior portion

of septum or anterolateral or posterior free wall or apex.

Y, decreased; LA, left atrial. (From Maron BJ, Pelliccia

A, Spirito P. Cardiac disease in young trained athletes:

Insights into methods for distinguishing athlete’s heart

from structural heart disease with particular emphasis

on hypertrophic cardiomyopathy. Circulation 1995;

91:1596–601; reproduced with permission of American

Heart Association.)
the test result is definitive. On the other hand,
such genetic testing has potential limitations.
For example, negative tests in probands while
common, are nondiagnostic because they may fre-

quently represent false negative results. In addi-
tion, commercial testing is costly (in the range of
$5,000 for all 10 genes), and it is presently unpre-

dictable as to whether that expense will always be
covered by insurance carriers. However, if the
gene defect responsible for HCM in the family

becomes known, then other family members can
easily be tested definitively and inexpensively.

Congenital coronary artery anomalies

Second in importance and frequency to HCM is
a variety of congenital malformations of the coro-
nary arteries, the most common of which is anom-

alous originof the leftmain coronaryartery fromthe
right (anterior) sinus of Valsalva (see Fig. 1)
[2,37,38]. These anomalies require a high index of

clinical suspicion [39], given the characteristic
absence of ECG and stress test abnormalities [38].

Young individuals with anomalous left main
coronary artery may die suddenly as the first

manifestation of their disease, although a minority
experience angina, syncope, or even acute myo-
cardial infarction. The vast majority of these

events are related to exertion. Indeed, occurrence
of one or more episodes of exertional syncope in
a young athlete necessitates exclusion of this

coronary anomaly. In youthful athletes it may
be possible to identify (or raise strong suspicion
of) anomalous left main (or right) coronary artery

using cross-sectional two-dimensional or trans-
esophageal echocardiography or CT angiogram
[39,40], which can then lead to definitive confir-
mation with coronary arteriography or CT angio-

gram. These clinical considerations are of
particular importance because coronary malfor-
mations are amenable to corrective surgery.

Other unusual variants of coronary arterial
anatomy have been reported rarely as causes of
exercise-related sudden deaths in young athletic

individuals [2,37]. These include hypoplasia of
some portion of the coronary circulation, left ante-
rior descending or right coronary artery emanating
from the pulmonary trunk, or coronary arterial in-

tersusception occlusion of the coronary lumen.

Arrhythmogenic right ventricular cardiomyopathy

This is a familial condition, which may be
associated with important ventricular or supraven-
tricular arrhythmias, and is a cause of sudden death
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Fig. 6. Diagnosis of HCM by cardiac magnetic resonance (CMR) imaging. Studies from a 13-year-old identical twin

with nonobstructive HCM. Two-dimensional stop-frame echocardiogram (A) and comparative CMR imaging (B) im-

ages acquired in the short-axis plane in end-diastole at mitral valve level; and 12-lead ECG (C ). (A) Echocardiogram

shows normal thickness in all LV wall segments, including anterior ventricular septum (AVS) and the contiguous portion

of anterolateral free wall (*). Stop-frame image is representative of all cross-sectional images obtained in this patient. (B)

CMR image showing segmental area of hypertrophy confined to the anterolateral LV free wall (20 mm) and a small

portion of the contiguous AVS (*), which was identified only with CMR. Shown in the same cross-sectional plane as

the echocardiogram shown in (A); RV, right ventricle. (C) Distinctly abnormal ECG showing Q waves in inferior leads

II, III and AVF, and V6, deep S-waves in right precordial leads, and diminished precordial R-waves. Recorded at full

standard, 1 mV ¼ 10 mm. AVS, anterior ventricular septum; RV, right ventricle. Calibration marks in (A) and (B) are 1

cm apart; magnification of images in the two panels is not identical. (From Rickers C, Wilke NM, Jerosch-Herold M, et

al. Utility of cardiac magnetic resonance imaging in the diagnosis of hypertrophic cardiomyopathy. Circulation

2005;112:855–61; reproduced with permission of American Heart Association.)
in the young (see Fig. 1) [41–45]. Arrhythmogenic
right ventricular cardiomyopathy (ARVC) is char-

acterized morphologically by myocyte death, with
replacement by fibrous and/or adipose tissue in
the right ventricle (see Fig. 6). This disease process

may be segmental or diffusely involve the right
ventricle.

Italian investigators have persistently reported

ARVC to be the most common cause of sudden
death in young competitive athletes in the Veneto
region of northeastern Italy. While ARVC is also

a component of the United States experience with
athletic field deaths, its frequency is in the range
of less than 5% [2,5,6,8]. The explanation for such

differences is uncertain, although it is possible that
the relatively frequent occurrence of ARVC in
Italy reflects a unique genetic substrate [41–45].

Paradoxically, the low frequency with which
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HCM is apparently responsible for sudden death
in Italian competitive athletes is likely due to the
long-standing 25-year systematic national pro-
gram for the cardiovascular assessment of com-

petitive athletes [11,17,46]. This Italian screening
effort has apparently identified and disqualified
disproportionate numbers of trained athletes

with HCM, because of the fact that it is more eas-
ily identifiable clinically than is ARVC [47].

Less common causes of sudden death in young

athletes (accounting for 3%–8%) include myocar-
ditis, dilated cardiomyopathy, aortic dissection
and rupture (usually caused by Marfan syn-

drome), sarcoidosis, valvular heart disease (eg,
mitral valve prolapse or aortic valve stenosis), and
atherosclerotic coronary artery disease (see Fig. 1)
[2,5–8]. Also, a small number of athletes die sud-

denly without evidence of structural cardiovascu-
lar disease, even after careful gross and histologic
examination of the heart. In such instances (about

2% of our series), it may not be possible to defin-
itively exclude noncardiac factors (eg, drug abuse)
as responsible for the death, or to know whether

careful inspection of the specialized conducting
system and associated vasculature with serial sec-
tioning (no longer standard part of the medical

examiners’ protocol) would have revealed clini-
cally relevant abnormalities [48]. Given the ab-
sence of a clinical cardiovascular evaluation, one
can only speculate on the potential etiologies of

many such deaths. However, it is likely that
some are caused by previously unidentified
Wolff-Parkinson-White syndrome, ion channelo-

pathies such as long QT or Brugada syndromes,
and catecholaminergic polymorphic ventricular
tachycardia, or possibly, undetected segmental

ARVC or subtle morphologic forms of HCM.
In about 5% of United States athletic field

deaths, a segment of left anterior descending
coronary artery was tunneled (ie, surrounded by

myocardium for 1 cm–3 cm) in the absence of
another structural anomaly [2,5–8]. It has been
suggested that such short ‘‘tunneled’’ segments

of major coronary arteries (ie, myocardial
‘‘bridges’’) constitute a potentially lethal anatomic
variant which may cause sudden unexpected death

in susceptible, but otherwise healthy young indi-
viduals during exertion [49].

Sudden unexpected death, nonfatal stroke, and

acute myocardial infarction in trained athletes
have been attributed to illicit substance abuse with
cocaine, anabolic steroids, or dietary and nutri-
tional supplements [12,50–52]; the latter are often

consumed to enhance sports performance or mask
other drugs during surveillance. Popular supple-
ments for promoting athletic performance are
compounds such as ma huang, an herbal source
of ephedrine (ie, elemental ephedra) and a cardiac

stimulant which is potentially arrhythmogenic
[6,52]. Causal linkage between dietary supple-
ments and cardiovascular events in otherwise

healthy people is largely by inference, based on
the close temporal relation between ingestion of
the compound and adverse consequences [52].

Commotio cordis

Blows to the chest, and specifically the precor-

dium, can trigger ventricular fibrillation without
structural injury to ribs, sternum, or heart itself
(commotio cordis) [14,15,53]. Indeed, these events
are more common causes of athletic field deaths

than many of the aforementioned specific cardio-
vascular diseases. Commotio cordis is frequently
caused by projectiles which are implements of

the game, and strike the chest at a broad range
of velocities. For example, hockey pucks or la-
crosse balls, which may strike up to 90 mph, but

more frequently with only modest force (eg,
a pitched baseball striking a young batter at
30 mph–40 mph), and with smaller impact areas

[54]. Commotio cordis may also occur by virtue
of bodily contact, such as a karate blow or when
outfielders collide while tracking a baseball.

Based on clinical observations and an experi-

mental animal model (which closely replicates com-
motio cordis), the mechanism by which ventricular
fibrillation and sudden death occurs requires a blow

directly over the heart, exquisitely timed to within
a narrow 10-ms to 30-ms window just before the T-
wave peak during the vulnerable phase of repolar-

ization [53]. Basic electrophysiologic mechanisms of
commotio cordis are largely unresolved, although
selective mechanical activation of the ion channels

appears to play a role [55,56].
Only about 15% of commotio cordis victims

survive, usually associated with timely cardiopul-
monary resuscitation and defibrillation [12,15].

There are reports of both successful and unsuc-
cessful resuscitation with automated external

defibrillators [12]. Strategies for primary preven-

tion of commotio cordis include innovations in
sports equipment design. While softer-than-nor-
mal (‘‘safety’’) baseballs reduce the frequency of

ventricular fibrillation under experimental
conditions [53], such implements do not provide
absolute protection on the athletic field [15]. Chest
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barriers with proven efficacy in preventing com-
motio cordis are not yet available and, under ex-
perimental conditions, commercially available

chest protectors have proven ineffective in pre-
venting ventricular fibrillation [57].

Prevalence and significance of the problem

Sudden unexpected death caused by cardiovas-

cular disease during competitive sports is rare in
high school students participating in organized
interscholastic sports (ie, about 1 in 200,000 partic-
ipants per year or 1 in 60,000 participants over a

3-year high school period) [58]. Somewhat lower
estimates for the risk of sudden death have been
reported for adult joggers or marathon road racing

runners [57,59,60]. The automated external defibril-
lator has proven effective in reducing sudden death
on the running course [60]. Preliminary data from

a 26-year national registry on sudden death in ath-
letes showed that such events in competitive ath-
letes in the United States number about 125 each

year, 5- to 10-fold more common than previously
estimated [8]. Extrapolation of these data suggest
that one young athlete dies suddenly every 3 days,
and that one such athlete with HCM dies every

2 weeks.
The emotional and social impact of athletic field

catastrophes remains high. The competitive athlete

symbolizes the healthiest segment of our society
and the unexpected collapse of such youngpeople is
a powerful event that inevitably strikes to the core

sensibilities of both the lay public and physician
community [1]. For these reasons, sudden death in
young athletes will continue to represent an impor-
tant medical issue and public health problem.

Indeed, it is the responsibility of the medical com-
munity to create a fully informed public and to pur-
sue early detection of the causes of catastrophic

events in young athletes where prudent and practi-
cal. On the other hand, because such events are par-
ticularly uncommon with respect to the vast

numbers of athletes participating safely in sports,
it is important that information about athletic field
deaths should not create undo anxiety among

young athletes and their families.

Demographics

Based primarily on data assembled from broad-
based United States populations [2,6–8], a profile

of young competitive athletes who die suddenly
has emerged. Such athletes participate in a large
number and variety of sports, with the most
common basketball and football (about 60%),
probably reflecting the high participation level in
these popular team sports as well as the physical in-

tensity required. In Europe, soccer is most fre-
quently associated with sudden death in athletes.

The vast majority of athletic field deaths occur
in men (about 90%). This relative infrequency in

women probably reflects lower participation rates,
sometimes less intense levels of training, and the
fact that women do not engage in some of the

higher-risk sports (eg, football). Most athletes are
involved in high school sports at the time of death
(about 75%), and less commonly in college or

professional competition.
The vast majority of athletes who die suddenly

with HCM or other underlying diseases are free of
symptoms or suspicion of cardiovascular disease.

Sudden collapse usually occurs with physical exer-
tion, predominantly in the late afternoon and early
evening hours, corresponding to the peak periods

of competition and training, and particularly in
organized team sports, such as football and bas-
ketball [2,6]. In addition, underlying genetic heart

diseases aremore likely to cause sudden unexpected
death in trained athletes than in their sedentary
counterparts [43]. These observations substantiate

that, in the presence of cardiovascular disease,
physical activity represents a trigger and important
precipitating factor for sudden death in athletes.

Although the majority of sudden deaths in

competitive athletes have been reported in white
males, a substantial proportion (more than 40%)
are African-Americans [7], including the majority

of HCM-related athletic field deaths (Fig. 7) [2].
The substantial number of HCM sudden deaths
in young black male athletes contrasts sharply

with the infrequent identification of black patients
with HCM in hospital-based populations. These
observations emphasize the disproportionately
lesser access to subspecialty medical care between

the African-American and white communities in
the United States, which makes it less likely that
young black males will receive the diagnosis of

HCM. Consequently, African-American athletes
with HCM are also less likely to be disqualified
from competition to reduce their risk for sudden

death, in accordance with the recommendations
of Bethesda Conference #36 [18].

Mechanisms and resuscitation

In the vast majority of athletes with HCM and
other cardiac diseases, cardiac arrest results from
electrical instability with primary ventricular
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Fig. 7. Sudden death in young athletes due to HCM, with respect to race. Although HCM is very uncommonly diag-

nosed clinically in African-Americans, the majority of sudden deaths on the athletic field due to HCM are in young black

males.
tachyarrhythmias (see Fig. 4). The major excep-

tion to this principle is Marfan syndrome, in
which death is usually caused by aortic dissection
and rupture. However, regardless of mechanism,

only a minority of athletes with cardiovascular
disease who collapse on the athletic field are suc-
cessfully resuscitated. More widespread dissemi-
nation of automatic external defibrillators

available for public access by nontraditional re-
sponders in schools and at athletic events would
be expected to result in the survival of greater

numbers of such athletes.

Screening and preparticipation detection

of cardiovascular abnormalities

Detection of cardiovascular abnormalities with

the potential for significant morbidity or sudden
death is the important objective of the widespread
practice of preparticipation screening of high
school and college-aged athletes. There is a general

consensus within a benevolent society that a re-
sponsibility exists on the part of physicians to
initiate prudent efforts for the identification of

life-threatening diseases in athletes, for the pur-
pose of minimizing the cardiovascular risks asso-
ciated with sports participation [16–19]. Indeed,

identification of asymptomatic patients with ge-
netic diseases, such as HCM, ARVC, and the
ion channel diseases (long QT syndrome and
Brugada syndrome) has taken on much greater

significance with the recent application of the
implantable cardioverter-defibrillator for primary
prevention of sudden death in high-risk individ-

uals [61,62]. However, there is also a consensus
that the return of athletes with potentially lethal
cardiovascular disease to competition, based
explicitly on the presence of an implantable defi-

brillator, is not advisable [18].
Major obstacles to any preparticipation

screening program are the large reservoir of young

competitive athletes eligible for evaluation (about
10–12 million in the United States), and the
uncommon occurrence of the cardiovascular

causes of sudden death within a young athlete
population (estimated overall prevalence of 0.5%
or less) [16]. Customary cardiovascular screening
practice for United States high school and college

athletes is confined to history and physical exam-
ination [16], a strategy that lacks sufficient power
to identify certain important cardiovascular ab-

normalities consistently. For example, while the
nonobstructive (at rest) form of HCM is the single
most common disease entity to be targeted, its

clinical recognition or suspicion raised by screen-
ing can be expected to occur relatively infre-
quently because potential diagnostic markers

such as loud heart murmur, syncope, or family
history of sudden death may often be absent. In
a retrospective study, only 3% of trained athletes
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who died suddenly of HCM and other heart dis-
eases were suspected by preparticipation screening
(with history and physical examination) to have

cardiovascular abnormalities, and none were dis-
qualified from competition [2].

The quality of the cardiovascular screening
process for United States high school and college

athletes has come under critical scrutiny [63,64].
However, improvements in the design of ap-
proved history and physical examination ques-

tionnaires have been noted over the past decade
[65]. Nevertheless, the degree to which these
changes can translate to greater numbers of

athletes identified with cardiovascular disease
will be difficult (if not impossible) to determine
systematically with any precision. Legislation in
several states continues to mandate that health

care workers with vastly different levels of training
and expertise (including chiropractors at naturo-
pathic clinics) perform preparticipation sports

examinations, often conducted under suboptimal
conditions [16,65]. National standardization of
high school and college preparticipation medical

examinations, incorporating American Heart
Association (AHA) recommendations (Table 1)
[16], would provide the most practical and effec-

tive strategy for achieving the goal of detecting
athletes who unknowingly harbor clinically rele-
vant cardiovascular abnormalities.

A unique circumstance has existed in Italy

where, for the last 25 or more years, federal
government legislation (Medical Protection of
Athletic Activities Act) has mandated national

preparticipation screening and medical clearance
for all young athletes engaged in organized sports
programs [17,46]. Annual sports medicine evalua-

tions in Italy routinely include history and physi-
cal examination, as well as 12-lead ECG. Because
the electrocardiogram is abnormal in up to 95%
of HCM patients [66], this test permits identifica-

tion of many athletes previously undiagnosed with
that disease [47]. Italian investigators have attrib-
uted a decline in the rate of sudden cardiac death

during competitive sports to the long-standing
systematic preparticipation screening program in
that country, which routinely includes a 12-lead

ECG [11,17,47].
Specifically, they report an almost 90% decline

in the annual incidence of sudden cardiovascular

death in competitive athletes (a result largely due
to reduced mortality from cardiomyopathy) for
the Veneto region of northeastern Italy [11]. This
change in the death rate occurred in parallel with

progressive implementation of nationwide mass
screening and the increasing identification of
affected athletes who were then disqualified from

competitive sports to lower their risk.
Obstacles to implementing obligatory govern-

ment-sponsored national with electrocardiogra-
phy or echocardiography screening in the United

States are outlined in detail in the 2007 AHA
consensus statement on preparticipation screening
[16]. These factors include the particularly large

athlete population to be screened, major cost-
benefit considerations, recognition that it is not
possible to achieve a zero-risk circumstance in

competitive sports, and most importantly, the
lack of pre-existent resources in the form of dedi-
cated medical personnel (including physicians)

available to perform the athlete examinations
and interpret their ECGs [16]. In addition, large
population preparticipation screening with

Table 1

The 12-element AHA recommendations for prepartici-

pation cardiovascular screening of competitive athletes

Medical history
a

Personal history

1. Exertional chest pain or discomfort

2. Unexplained syncope or near-syncopeb

3. Excessive exertional and unexplained dyspnea or

fatigue, associated with exercise

4. Prior recognition of a heart murmur

5. Elevated systemic blood pressure

Family history

6. Premature death (sudden and unexpected, or

otherwise) before age 50 due to heart disease, in one

or more relatives

7. Disability from heart disease in a close relative less

than 50 years old

8. Specific knowledge of certain cardiac conditions in

family members: hypertrophic or dilated

cardiomyopathy, long QT syndrome or other ion

channelopathies, Marfan syndrome, or clinically

important arrhythmias

Physical examination

9. Heart murmurc

10. Femoral pulses to exclude aortic coarctation

11. Physical stigmata of Marfan syndrome

12. Brachial artery blood pressure (sitting position)d

a Parental verification is recommended for high

school and middle school athletes.
b Judged not to be neurocardiogenic (vasovagal); of

particular concern when related to exertion.
c Auscultation should be performed in both supine

and standing positions (or with Valsalva maneuver), in

particular to identify murmurs of dynamic left ventricu-

lar outflow tract obstruction.
d Preferably, taken initially in both arms.
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noninvasive testing is limited by the expected large
numbers of false-positive (ie, borderline) exami-
nations. Furthermore, there is the possibility of
false-negative tests in which subtle but important

lesions go undetected, as when echocardiography
is performed in the pre-hypertrophic phase of
HCM (usually less than 14 years old) [67], or

when coronary anomalies cannot be recognized
[38].

Criteria for sports eligibility and disqualification

When a cardiovascular abnormality is identi-
fied in a competitive athlete several considerations

arise: (1) level of risk for sudden death if partic-
ipation in organized sports continues; (2) likeli-
hood that risk would be reduced if systematic
training and competition were terminated; and

(3) criteria to formulate appropriate eligibility
or disqualification decisions. Unfortunately, on
occasion the medical disqualification decision-

making process can become polarized, given the
personal aspirations of the athlete versus the
mandate of the physician to protect patients

from circumstances which could provoke unac-
ceptable risks [1–3,6].

It should be underscored that the risk associ-

ated with intense physical exertion for sports
participants with cardiovascular abnormalities is
difficult to quantify with any precision, given the
extreme and unpredictable physiologic circum-

stances to which individual athletes may be
exposed. Indeed, only some HCM-related sudden
deaths are associated with intense physical activity

[24], and not all trained athletes with this disease
die suddenly during their competitive phase [68].

In this regard, the American College of Cardi-

ology (ACC) 36th Bethesda Conference [18] and
European Society of Cardiology (ESC) [19], offers
expert consensus panel recommendations and

clear benchmarks for clinical practice. Panel
guidelines for athletic eligibility or disqualification
are predicated on the premise that intense sports
training and competition increases sudden death

risk in susceptible athletes with most forms of
heart disease, and that risk is likely to be reduced
or minimized by temporary or permanent with-

drawal from sports participation. Indeed, the
unique pressures of organized athletics are restric-
tive and do not allow individuals to exert strict

control over their level of exertion, or reliably dis-
cern when cardiac symptoms arise which make it
prudent to withdraw from physical activity. The
United States appellate court decision in Knapp
v. Northwestern [3] supports the use of national
association medical guidelines (such as the Be-
thesda Conference) in making disqualification rec-

ommendations for athletes. Therefore, team
physicians would be prudent to rely on Bethesda
Conference #36 [18] in making difficult eligibil-

ity-disqualification decisions, because it will likely
play an important role as precedent in resolving
future medical-legal disputes.

Under the ACC-Bethesda Conference #36,
young athletes with the unequivocal diagnosis of
HCM are discouraged from competitive athletic

participation, with the exception of low-intensity
sports (eg, golf and bowling) [18]. Other acquired
diseases that are potentially reversible (such as
myocarditis) can justify temporary withdrawal

from competition, followed by resumption of or-
ganized sports activity after reversal and resolu-
tion of the disease state.

The ESC consensus report [19] is modeled
largely after the Bethesda Conference [18]. While
the two guidelines are very similar, the European

recommendations are in some instances more re-
strictive in advising disqualification for certain
cardiac conditions, including HCM, but also

long QT syndrome and Marfan syndrome.
However, decisions to withdraw athletes from

sports because of heart disease may be con-
founded by complex societal considerations and

can prove difficult to implement, particularly
when elite careers in sports are involved [1,3].
Many such athletes are highly motivated to

remain in the competitive arena, may not fully
appreciate the implications of the relevant medical
information, or are nevertheless willing to accept

the risks while resisting prudent recommendations
to withdraw. However, in contrast to Italy [46],
national standards linked to mandatory disqualifi-
cation are not part of the United States health

care system.
Improper over-diagnosis of cardiac disease

may lead to unnecessary disqualification from

athletics, thereby depriving some individuals of
the psychological and economic benefits of com-
petitive sports. As a cautionary note, physician

judgment in making these medical eligibility and
disqualification decisions can be impaired insidi-
ously by extrinsic pressures imposed by relatives,

fans, alumni, coaching staff and administrators,
and particularly when athletes participate in
‘‘shopping’’ for multiple medical opinions until
one is secured supporting continued sports par-

ticipation. A measure of responsibility for these
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complex situations is attributable to societal
attitudes that often attach exaggerated impor-
tance and materialism to organized sports [1].

In the United States the relationship between
sports medicine and the law is complex, and
involves tenuous relationships between physi-
cians, athlete-patients, teams, and institutions.

Indeed, liability issues relevant to the management
of competitive athletes with cardiovascular disease
have become of increasing concern to the practic-

ing medical community, given that several athlete
deaths have triggered disputes in court holding
physicians accountable for alleged grievances. An

evolving United States medical-legal framework is
clarifying the standard of care associated with this
clinical practice, while upholding the wisdom of
withholding selected student-athletes with cardio-

vascular abnormalities from access to athletic
programs and intense competitive sports, in an
effort to significantly reduce exposure to medically

unacceptable risks [69].

The time you won your town the race

We chaired you through the market-place;

Man and boy stood cheering by,

And home we brought you shoulder high.

To-day, the road all runners come,

Shoulder-high we bring you home,

And set you at your threshold down,

Townsman of a stiller town.

By Alfred Edward Housman, 1895

To An Athlete Dying Young
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Arrhythmogenic right ventricular cardio-
myopathy/dysplasia (ARVC/D) is an inherited
heart muscle disease that predominantly affects
the right ventricle and is characterized pathologi-

cally by progressive replacement of right ven-
tricular myocardium with fibrofatty tissue [1–10].
Clinically, the disease presents with myocardial

electrical instability leading to ventricular tachy-
cardia or ventricular fibrillation which may precip-
itate cardiac arrest, particularly during physical

exercise [11].
This article examines the role of ARVC/D in

causing sudden death in young competitive athletes
and suggests a prevention strategy based on iden-

tification of affected athletes at preparticipation
screening. Systematic cardiovascular screening
(including 12-lead ECG) of all subjects embarking

in sports activity has the potential to identify those
athletes at risk and to reduce mortality [12,13].

The advent of molecular genetics has provided

new insights in understanding the etiopathogenesis
of ARVC/D, showing that it is a desmosomal
disease resulting from defective cell adhesion
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proteins such as desmoplakin, plakoglobin, plako-
philin-2, desmoglein-2, and desmocollin-2 [14–18].
It has been postulated that the lack of the protein
or the incorporation of mutant protein into cardiac

desmosomesmay provoke remodelingwith detach-
ment of myocytes at the intercalated disks, parti-
cularly under the condition of mechanical stress

during training and competitive sports activity
[19,20]. As a consequence, there is progressive
myocyte death with subsequent repair by fibrofatty

replacement. Life-threatening ventricular arrhy-
thmias such as ventricular tachycardia and fibrilla-
tion may occur during the ‘‘hot phase’’ of myocyte
death or later in the form of a scar-related macro-

reentrant mechanism [21].

Arrhythmogenic right ventricular

cardiomyopathy/dysplasia: a major cause

of sudden death in young athletes

Systematic monitoring and pathologic investi-
gationof suddendeath in youngpeople andathletes
of the Veneto region of Italy has shown that
ARVC/D is the most common pathologic sub-

strate, accounting for nearly one fourth of fatal
events on the athletic field [11,12,22]. The incidence
of sudden death from ARVC/D in athletes is esti-

mated to be 0.5 cases per 100,000 persons per year
(Fig. 1). In the authors’ experience, sudden death
victims with ARVC/D have all been male with

a mean age of 22.6 � 4 years [22].
rights reserved.
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Fig. 1. Incidence and relative risk (RR) of sudden death

(SD) from major cardiovascular causes among young

athletes and non-athletes. CAD, coronary artery disease;

CCA, congenital coronary artery anomalies. (Modified

from Corrado D, Basso C, Rizzoli G, et al. Does sports

activity enhance the risk of sudden death in adolescents

and young adults? J Am Coll Cardiol 2003;42:1959–63;

with permission. Copyright � 2003 American College

of Cardiology Foundation.)
The hallmark lesion of the disease is extensive
replacement of the right ventricular myocardium
byfibrofatty tissue (Fig. 2).At autopsy, hearts dem-

onstrate massive regional or diffuse fibrofatty infil-
tration, a parchment-like and translucent free wall
of the right ventricle, and mild-to-moderate right
ventricular dilatation, together with aneurysmal

dilatations of posterobasal, apical, and outflow
tract regions. These right ventricular pathologic
features allow a differential diagnosis with train-

ing-induced right ventricular adaptation (‘‘athlete’s
heart’’), usually consisting of global right ventricu-
lar enlargement without regional dilatation or

deformities. Histologically, fibrofatty infiltration
is usually associated with focal myocardial necrosis
and patchy inflammatory infiltrates. Fibrofatty
scar and aneurysms are potential sources of

life-threatening ventricular arrhythmias. The histo-
pathologic arrangement of the surviving myocar-
dium embedded in the replaced fibrofatty tissue

may lead to inhomogeneous intraventricular con-
duction predisposing to reentrant mechanisms.

Although ARVC/D has been demonstrated to

be the leading cause of sudden death in athletes of
Fig. 2. Electrocardiographic and pathologic features in a 17-year-old soccer player who died suddenly of ARVC/D

during a game. (A) Twelve-lead ECG obtained at preparticipation screening shows typical abnormalities consisting of

inverted T waves from V1 to V4. (B) Transverse section of the heart specimen shows anterior and posterior aneurysms

due to extreme thinning of the right ventricular free wall. (C, D) Panoramic histologic views of the anterior and posterior

right ventricular free walls show transmural fibrofatty replacement of myocardium (Heidenhain trichrome). (Modified

from Basso C, Thiene G, Corrado D, et al. Arrhythmogenic right ventricular cardiomyopathy. Dysplasia, dystrophy,

or myocarditis? Circulation 1996;94:983–91; with permission.)
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the Veneto region of Italy, studies in the United
States have shown a higher prevalence of other
pathologic substrates, such as hypertrophic car-
diomyopathy, anomalous coronary arteries, and

myocarditis [23–25].
This discrepancy may be explained by several

factors. There have been no previous investiga-

tions, such as the Juvenile Sudden Death
Research Project in the Veneto region of Italy,
in which a consecutive series of sudden deaths in

young people occurring in a well-defined geo-
graphic area have been prospectively investigated
with a homogeneous ethnic group. The previously

reported causes in the United States may have
been influenced by the unavoidable limitations in
patient selection because of retrospective analysis.
Moreover, in other large studies, the autopsies

were usually performed by different examiners,
including local pathologists and medical coroners
[25]. In the Italian study, to obtain a higher level

of confidence in the results, the morphologic ex-
amination of all hearts was performed according
to a standard protocol by the same group of expe-

rienced cardiovascular pathologists. Comparison
between the previous and the present study with
regard to the prevalence of ARVC/D among the

causes of sudden death in young people and ath-
letes is limited by the fact that ARVC/D is a clin-
ical-pathologic condition that has been discovered
only recently [2,3]. ARVC/D is rarely associated

with cardiomegaly and usually spares the left ven-
tricular function; therefore, affected hearts may be
erroneously diagnosed as normal hearts [2,4,5,26].

In the past, some sudden deaths in young people
and athletes in which the routine pathologic ex-
amination disclosed a normal heart may, in fact,

have been due to unrecognized ARVC/D. The
high incidence of ARVC/D in the Veneto region
may be due to a genetic factor in the population
of northeastern Italy [27]; however, ARVC/D

can no longer be considered as a peculiar ‘‘Vene-
tian disease,’’ because there is growing evidence
that it is ubiquitous, although largely underdiag-

nosed both clinically and at post-mortem investi-
gation, and accounts for significant arrhythmic
morbidity and mortality worldwide [28,29].

Preparticipation screening of young people
embarking in competitive athletic activity, which
has been practiced in Italy for more than 20 years,

has changed the prevalence of pathologic sub-
strates of sports-related sudden death. The authors
recently demonstrated that sudden death from
hypertrophic cardiomyopathy in athletic fields

can be successfully prevented by identification
and disqualification of the affected athletes at
preparticipation screening [12]. As a consequence
of this process, other cardiovascular conditions
such as ARVC/D, congenital coronary artery

anomalies, and premature coronary artery disease
now account for a greater proportion of all sudden
deaths in Italian athletes.

Arrhythmogenic right ventricular

cardiomyopathy/dysplasia and the risk

of sudden death during effort

Adolescent and young adults involved in
sports activity have a 2.8 greater risk of sudden

cardiovascular death than their non-athletic
counterparts as demonstrated by a prospective
clinicopathologic study of sudden death in the
young in the Veneto region of Italy [22]. Sports,

per se, is not the cause of the enhanced mortality
but triggers cardiac arrest in those athletes who
have morbid cardiovascular conditions (eg, car-

diomyopathy, premature coronary artery disease,
and congenital coronary artery anomalies) that
predispose to life-threatening ventricular arrhyth-

mias during physical exercise.
ARVC/D leads to sudden death, with an

estimated 5.4 times greater risk of dying suddenly

during competitive sports than during sedentary
activity (Fig. 1). The reason for the propensity for
ARVC/D to precipitate effort-dependent sudden
cardiac arrest is not completely known. Physical ex-

ercise acutely increases right ventricular afterload
and cavity enlargement which, in turn, may elicit
ventricular arrhythmias by stretching the diseased

right ventricularmyocardium [30] or favoring reen-
trant arrhythmic mechanisms. Mechanical stress,
such as that occurring during training and sports

competition, may provoke myocyte death and as-
sociated ventricular arrhythmias in the presence
of genetically defective desmosomes [19,27]. The

adverse effect of exercise on the phenotypic expres-
sion of ARVC/D was recently addressed by Kirch-
hof and colleagues [20] in an experimental study on
heterozygous plakoglobin-deficient mice. When

compared with wild-type controls, mutant mice
had increased right ventricular volume, reduced
right ventricular function, and more frequent and

severe ventricular tachycardia of right ventricular
origin. Endurance training accelerated the develop-
ment of right ventricular dysfunction and arrhyth-

mias in plakoglobin-deficient mice.
Alternatively, a ‘‘denervation supersensitivity’’

of the right ventricle to catecholamines has been
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advanced to explain exercise-induced ventricular
arrhythmias [31]. Sympathetic nerve trunks may
be damaged or interrupted by the right ventricular

fibrofatty replacement which distinctively prog-
resses from the epicardium to the endocardium,
resulting in a denervation hypersensitivity to cate-
cholamines. Arrhythmogenic mechanisms in the

denervated hypersensitive myofibers include dis-
persion of refractoriness and reentry, triggered
activity, or both.

Ina subgroupof patientswith familialARVC/D,
a cardiac ryanodine receptor (RYR2) missense
mutation leading to gain of function and abnormal

calcium release from the sarcoplasmic reticulum
has been identified [32]. Wall mechanical stress,
such as that induced by right ventricular volume
overload during exercise, and increased heart rate

are expected to exacerbate the cardiac ryanodine
channel dysfunction. A potential arrhythmogenic
mechanism of sport-related cardiac arrest in

patients with ARVC/D is triggered activity due to
late afterdepolarizations, which are provoked by
intracellular calcium overload and enhanced by

adrenergic stimulation [33].

Clinical profile of athletes dying suddenly

of arrhythmogenic right ventricular

cardiomyopathy/dysplasia

Early identification of athletes with ARVC/D
has a crucial role in the prevention of sudden death

because sports’ disqualification is life saving. The
most frequent clinical manifestations of the disease
consist of ECG depolarization/repolarization

changes mainly localized to right precordial leads,
global or regional morphologic and functional
alterations of the right ventricle, and arrhythmias

of right ventricular origin [1,2,5,9,10,34,35]. The
disease should be suspected even in asymptomatic
individuals on the basis of ECG abnormalities

and ventricular arrhythmias [1,3,11,12].Ultimately,
the diagnosis relies on visualization of mor-
phofunctional right ventricular abnormalities by
imaging techniques (eg, echocardiography, angiog-

raphy, and cardiac magnetic resonance) and, in
selected cases, by histopathologic demonstration
of fibrofatty substitution at endomyocardial biopsy

[6–8,34]. According to the task force criteria, the di-
agnosis of ARVC/D is established in individuals
who have two major criteria, one major and two

minor criteria, or four minor criteria. Timely
identification of ARVC/D is challenging in asymp-
tomatic individuals and largely relies on familial
occurrence of the disease, the presence of ECG
abnormalities, or the detection of morphologic
right ventricular abnormalities with imaging

techniques. The incidence of ventricular tachyar-
rhythmia (such as ventricular tachycardia of right
ventricular origin, usually elicited by exercise) rep-
resents a substantial contribution to the clinical

diagnosis of ARVC/D.
More than 80% of athletes in the Veneto

region series who died of ARVC/D had a history

of syncope, ECG changes, or ventricular arrhyth-
mias (Fig. 2) [12]. More recently, the authors
confirmed these findings by reviewing clinical

and ECG data in a Multicenter International
Registry for 22 young competitive athletes who
died suddenly of ARVC/D proven at autopsy
[36]. Right precordial inverted T waves (beyond

lead V1) had been recorded in 88% of the athletes
who had a 12-lead ECG during life and sub-
sequently died suddenly. The right precordial

QRS duration was greater than 110 milliseconds
in 76%, and ventricular arrhythmias with a left
bundle branch block pattern were found in

76%, mostly in the form of isolated/coupled pre-
mature ventricular beats or nonsustained ventric-
ular tachycardia. Limited exercise testing induced

ventricular arrhythmias in 6 of 12 athletes (50%).
Submaximal exercise testing, available in five ath-
letes, showed a ‘‘pseudo’’ normalization of right
precordial repolarization abnormalities in all.

Most of the young competitive athletes who
died suddenly of ARVC/D showed ECG abnor-
malities that could raise the suspicion of underly-

ing cardiovascular disease at preparticipation
evaluation and lead to further testing for a defin-
itive diagnosis. Right precordial T-wave inversion

(beyond V1) appears to be the most useful clinical
marker for the presence of potentially fatal
ARVC/D in apparently healthy young competi-
tive athletes, considering that T-wave inversion

in V1-V3 occurs in less than 1% of men with
apparently normal hearts who are aged 19 to 45
years [37].

Turrini and colleagues [38] retrospectively
investigated the value of clinical and ECG find-
ings in predicting the risk for sudden death in 60

patients with ARVC/D. A QRS dispersion greater
than or equal to 40 milliseconds was the strongest
independent predictor of sudden death with

a sensitivity and specificity of 90% and 77%, re-
spectively. Syncope, a QT dispersion less than or
equal to 65 milliseconds, and negative T waves
beyond V1 refined arrhythmic risk stratification

in these patients.
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Preparticipation screening and prevention

of sudden death

Systematic preparticipation screening based on
12-lead ECG in addition to a history and physical

examination has been the practice in Italy for

more than 20 years [12,13]. This screening strategy

has proved to be effective in the identification of

athletes with previously undiagnosed hypertro-

phic cardiomyopathy owing to the high sensitivity

(up to 95%) of 12-lead ECG for the suspicion or

detection of this condition, subsequently con-

firmed by two-dimensional echocardiography, in

otherwise asymptomatic athletes. Moreover, dur-

ing long-term follow-up, no deaths were recorded

among these disqualified athletes with hypertro-

phic cardiomyopathy, suggesting that restriction

from competition may reduce the risk of sudden

death [12].
Despite the high prevalence of ECG abnor-

malities at preparticipation evaluation, such as

T-wave inversion in right precordial leads and

ventricular arrhythmias with a left bundle branch

block morphology, the majority of sudden death

victims from ARVC/D were not identified at

preparticipation screening, explaining why this

condition was previously reported to be the

leading cause of sudden death in Italian athletes

[12,22]. The most plausible explanation is that,

unlike hypertrophic cardiomyopathy, ARVC/D

is a condition that has been discovered only re-

cently (approximately 2 decades ago); therefore,

it was either underdiagnosed or regarded with

skepticism by cardiologists.

Recently, the authors reported the results of
a time-trend analysis of the changes in incidence

rates and causes of sudden cardiovascular death

in young athletes aged 12 to 35 years in the Veneto

region of Italy between 1979 and 2004, after

the introduction of systematic preparticipation

screening [13]. Over the same time interval, a par-

allel 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. Fifty-five sudden cardiovascular deaths

occurred 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 sudden cardiovascular death

in athletes decreased by approximately 90%

from 3.6 deaths per 100,000 person-years in 1979

to 1980 to 0.4 deaths per 100,000 person-years

in 2001 to 2004, whereas the incidence of sudden
death among the unscreened non-athletic popula-
tion did not change significantly over that time.
The decline in the death rate started after compul-
sory screening was initiated and persisted to the

late screening period. When compared with the
pre-screening period (1979–1981), the relative risk
of sudden cardiovascular death 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 sudden death from cardiomyopathy,
mostly from ARVC/D. Time-trend analysis
showed that the incidence of sudden death from

this latter condition fell by 84% over the 24-year
span. This decline of mortality from cardiomyopa-
thy paralleled the concomitant increase in the
number of athletes with cardiomyopathy (both

hypertrophic cardiomyopathy and ARVC/D)
who were identified and disqualified from compet-
itive sports over the screening periods at the Center

for Sports Medicine in Padua. Screening athletes
for cardiomyopathy is a life-saving strategy, and
12-lead ECG is a sensitive and powerful tool for

the identification, risk stratification, and manage-
ment of athletes affected by hypertrophic cardio-
myopathy and ARVC/D [13,39].

Molecular genetics and familial investigation

following the diagnosis of arrhythmogenic

right ventricular cardiomyopathy/dysplasia

in an athlete

Blood samples should be taken to perform
a genetic analysis and a search for mutations of

genes encoding for desmosomal proteins com-
pleted. In a study of 90 unrelated Italian pro-
bands, nearly half were positive for different

defective proteins of a desmosomal complex [40].
Currently, no variability in risk stratification has

been observed in relation to disease genes. Routine

clinical evaluation of family members is mandatory
and consists of physical examination, 12-lead ECG,
signal-averaged ECG, 24-hour Holter ECG, and
two-dimensional and Doppler echocardiography.

Cardiac magnetic resonance imaging and invasive
examination are performed when deemed neces-
sary. The family members may be found to be

clinically affected, clinically unaffected, or to have
uncertain findings. Genetic analysis is clearly the
gold standard to establish who is the carrier of the

disease; however, only one third of family members
with positive genetic tests fulfill the diagnostic
criteria. Another 15% share some instrumental
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abnormalities (eg, premature ventricular beats,
positive late potentials), although they are not
enough to achieve the diagnosis.

The need to broaden the diagnostic criteria in
relatives for familial ARVC/D has been under-
lined [41]. Moreover, a significant proportion of
family members carry the genetic mutation but

do not present with clinical signs (‘‘healthy car-
riers’’). This observation may be due to the young
age of the subject (in whom the disease has not yet

developed), the low penetrance of the gene muta-
tion, or the low sensitivity of diagnostic tests.

If a family member who is clinically unaffected

has negative results for the disease gene mutation
(‘‘noncarrier’’), he or she canbe considered healthy,
does not need further checkups, and can be assured
that they will not transmit the disease to offspring.

An intriguing situation is the clinically unaffected
family member carrying a disease gene mutation
(‘‘healthy carrier’’). This subject must be consid-

ered potentially at risk because the disease is pro-
gressive and can appear late during life, and
frequent clinical checkups are mandatory. Physical

activity/competitive sports should be always for-
bidden considering the legal implications. Non-
competitive sports may be allowed, providing

regular checkups in the follow-up.

Recommendations for sport activity in athletes

affected by arrhythmogenic right ventricular

cardiomyopathy/dysplasia

The ultimate diagnosis of ARVC/D in a young

competitive athlete can be difficult due to the
presence of physiologic (and reversible) structural
and electrical adaptations of the cardiovascular
system to long-term athletic training. This condi-

tion, known as athlete’s heart, is characterized by
an increase in ventricular cavity dimension and
wall thickness that overlaps with cardiomyopathy
[42]. An accurate differential diagnosis is crucial

not only because of the potentially adverse
outcome associated with cardiomyopathy in an
athlete but also due to the possibility of misdiag-

nosis of pathologic conditions requiring unneces-
sary disqualification from sport, with financial
and psychologic consequences.

A sizeable proportion of highly trained athletes
have an increase in right ventricular cavity di-
mensions, which raises the question of ARVC/D.
Morphologic criteria in favor of physiologic right

ventricular enlargement consists of preserved
global and regional ventricular function, without
evidence of wall motion abnormalities such as

dyskinetic regions or diastolic bulgings.
During the last 2 decades, advances in molec-

ular genetics have allowed the identification of

a growing number of defective genes involved in
the pathogenesis of ARVC/D [27,40]. The hope is
that molecular genetic tests will be available clin-

ically in the near future for definitive differential
diagnosis of ARVC/D versus training-related
physiologic changes.

After ARVC/D is diagnosed in an athlete,

sudden cardiac deathmay be prevented by different
approaches (Fig. 3): (1) by avoiding the trigger,
such as strenuous exercise in athletes who are

identified as having the disease by clinical or genetic
Fig. 3. Diagram showing the various levels of interventions for sudden death prevention in ARVC/D. (Modified from

Marcus F, Nava A, Thiene G, editors. Arrhythmogenic right ventricular cardiomyopathy/dysplasia: recent advances.

Milan (Italy): Springer; 2007.)
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screening; (2) by preventing life-threatening ar-
rhythmias using drug therapy or ablation; or (3)
by cardioverter defibrillator implantation, an ex-
tremely effective therapy to treat life-threatening

ventricular arrhythmias that can result in cardiac
arrest.

All of the previously mentioned therapeutic

and preventive measures are palliative and not
curative. The definitive cure for the disease is still
elusive. Cardiac transplantation is employed to

treat end-stage cardiac failure or refractory elec-
trical instability. Prevention of myocyte apoptotic
death, inflammation, and fibrofatty replacement,

the basic mechanisms of myocardial injury and
repair, will require understanding the etiopatho-
genesis of ARVC/D.

According to US and European recommenda-

tions for sports eligibility [43,44], athletes with
a clinical diagnosis of ARVC/D should be excluded
from all competitive sports. This recommendation

is independent of age, gender, and phenotypic
appearance and does not differ for those athletes
without symptoms, or for those treated with drugs,

surgery, catheter ablation, or an implantable
defibrillator. The presence of a free-standing auto-
mated external defibrillator at sporting events

should not be considered absolute protection
against sudden death [45], nor should it be consid-
ered a justification for participation in competitive
sports in athletes with previously diagnosed

ARVC/D [43,44,46].
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According to the World Health Organization/
International Society and Federation of Cardiol-

ogy Task Force on the Definition and Classifica-
tion of Cardiomyopathies, ‘‘myocarditis is an
inflammatory heart muscle disease associated

with cardiac dysfunction and it is diagnosed by
established histological, immunological, and im-
munohistochemical criteria.’’ It is characterized

by the histologic evidence of inflammatory in-
filtrates associated with myocyte degeneration and
necrosis of nonischemic origin [1]. Currently, it is

listed among specific cardiomyopathies and, as
such, called inflammatory cardiomyopathy [2].

Myocarditis may be classified based on etio-
logic (infective or noninfective myocarditis) and

histologic criteria (lymphocytic, eosinophilic,
polymorphous, granulomatous, giant cell).
Among noninfective forms of myocarditis, the

hypersensitivity type is the most common form of
acute drug-related myocardial injury. The histo-
pathology is characterized by a diffuse inflamma-

tory infiltrate rich in eosinophils. In contrast,
toxic myocarditis consists of myocyte necrosis
associated with a mixed inflammatory infiltrate
of polymorphonuclear and mononuclear cells.
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Several medications and toxins may exert a direct
cytotoxic effect on the heart (eg, lithium, doxoru-

bicin, cocaine, catecholamines, acetaminophen),
as well as environmental toxins (lead, arsenic,
alcohol, carbon monoxide) or wasp, scorpion, and

spider stings; however, infectious agents, such as
viruses, are the most common cause of myocar-
ditis. Infectious causes most commonly include

viral (coxsackievirus, adenovirus, parvovirus, her-
pes virus, HIV), bacterial (diphtheria, meningo-
coccus, psittacosis, streptococcus), rickettsial

(typhus, Rocky Mountain spotted fever), fungal
(aspergillosis, candidiasis), and parasitic agents
(Chagas disease, toxoplasmosis) [3]. Acute myo-
carditis, especially viral forms, can be resolved

without sequela; however, progression in the
chronic form (ie, dilated cardio myopathy
[DCM]) is not a rare event.

The diagnosis of myocarditis relies on estab-
lished histopathologic, histochemical, or molecu-
lar criteria but is clinically challenging. The

clinical presentation of myocarditis is highly vari-
able and includes unexplained congestive heart
failure (eg, exertional dyspnea, fatigue) or cardio-
genic shock, chest pain with myocardial enzyme

release mimicking myocardial infarction, palpita-
tions, syncope, or even sudden death. The clinical
evaluation of patients with suspected myocarditis

includes a personal and family history, physical
examination, 12-lead ECG, and echocardiogra-
phy. Additional testing (such as 24-hour ECG
ights reserved.
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monitoring) may be required according to the
specific case.

Evidence of fever and flulike illness, or circum-

stances supporting previous viral infection should
be investigated. The ECG changes include fre-
quent, complex ventricular, or supraventricular
arrhythmias, ST-T segment alteration (usually

depression), T-wave inversion, and conduction
abnormalities, mainly left bundle branch or atrio-
ventricular blocks [4].

Global left ventricular enlargement and dys-
function are usually evident by echocardiography
[5]; however, localized wall motion abnormalities,

mild enlargement of the left ventricular cavity,
and borderline depression of systolic function
are common. Tissue Doppler imaging may be use-
ful to detect regional abnormalities of left ventric-

ular relaxation suggestive of the presence of
inflammatory lesions [6]. Modest pericardial effu-
sion and increased reflectivity of the pericardial

leaflets may be observed.
When myocarditis is suspected from the clinical

profile, an endomyocardial biopsy represents the

gold standard for the diagnosis by showing the
inflammatory infiltrate and necrosis (ie, the Dallas
criteria) [1]; however, its diagnostic accuracy is lim-

ited by low sensitivity and the high prevalence of
false-negative histologic results. To increase the di-
agnostic sensitivity of histology, use of immunohis-
tochemistry including a large panel of monoclonal

and polyclonal antibodies is mandatory to identify
and characterize the inflammatory infiltrate: CD45
(common leukocyte antigen), CD43 (T lympho-

cytes), CD45RO (activated T lymphocytes),
CD68 (macrophages), CD20 (B lymphocytes),
CD4 (T helper), and CD8 (cytotoxic T lympho-

cytes). The diagnostic yield of endomyocardial bi-
opsy can be further enhanced by routine molecular
analysis with DNA-RNA extraction and polymer-
ase chain reaction (PCR) and reverse transcriptase

amplification of the viral genome [7,8].

Dilated cardiomyopathy

DCM is a heart muscle disease characterized by

left ventricular dilatation and systolic dysfunction
with normal left ventricular wall thickness [9]. The
estimated prevalence of DCM is 1 case per 2500

population, and it is the third most common cause
of heart failure and one of the major diseases re-
quiring cardiac transplantation. DCM is a hetero-

geneous disease with a multifactorial pathogenesis
[2,10]. It may be familial/genetic, viral, or immune
related, which explains why it has been listed
among primary cardiomyopathies, mixed type in
the recent statement of the American Heart
Association on contemporary definitions and clas-

sification of the cardiomyopathies [2,10–12]. Au-
toimmunity is recognized to have a pivotal role
in the pathogenesis of a substantial proportion
of cases, possibly triggered by various causes of

cardiac injury in genetically predisposed individ-
uals [9,11].

The DCM phenotype with sporadic occurrence

derives from a broad range of causes including
infectious agents, particularly viruses, often pro-
ducing myocarditis, and bacterial, fungal rickett-

sial, myobacterial, and parasitic agents. Two
different theories have been proposed to explain
myocyte damage and the progression from acute
myocarditis to DCMdautoimmunity and direct

cytotoxicity due to persistent viral infection.
Other causes include toxins, chronic excessive
consumption of alcohol, chemotherapeutic agents

(anthracyclines), metals and other compounds
(cobalt, lead, mercury, and arsenic), autoimmune
and systemic disorders (including collagen vascu-

lar disorders), pheochromocytoma, neuromuscu-
lar disorders such as Duchenne/Becker and
Emery-Dreifuss muscular dystrophies, and mito-

chondrial, metabolic, endocrine, and nutritional
disorders (carnitine, selenium deficiencies) [12].

Approximately 20% to 35% of DCM cases
have been reported as familial, with incomplete

and age-dependent penetrance. The predominant
mode of inheritance for DCM is autosomal
dominant, with X-linked autosomal recessive

and mitochondrial inheritance less frequent. Sev-
eral of the mutant genes linked to autosomal
dominant DCM encode contractile sarcomeric

proteins (a-cardiac actin; a-tropomyosin; cardiac
troponin T, I, and C; b- and a-myosin heavy
chain; myosin binding protein C). Z-disc protein-
encoding genes, including those for muscle LIM

protein, a-actinin-2, ZASP, and titin, also have
been identified. Moreover, DCM can be caused by
several mutations in genes encoding cytoskeletal/

sarcolemmal, nuclear envelope, sarcomere, and

transcriptional coactivator proteins. The most
common of these is the lamin A/C gene, also

associated with conduction system disease, which
encodes a nuclear envelope intermediate filament
protein. Mutations in this gene also cause Emery-

Dreifuss muscular dystrophy. The X-linked gene
responsible for Emery-Dreifuss muscular dystro-
phy, which encodes for emerin (another nuclear
lamin protein), also causes similar clinical fea-

tures. Other DCM genes include desmin, caveolin,
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and a- and b-sarcoglycan, as well as the mito-
chondrial respiratory chain genes. X-linked DCM
is caused by the Duchenne muscular dystrophy
(dystrophin) gene, whereas G 4.5 (tafazzin), a mi-

tochondrial protein of unknown function, causes
Barth syndrome, which is an X-linked cardioske-
letal myopathy in infants [12].

From a pathology viewpoint, hearts with
DCM present grossly with left or biventricular
eccentric hypertrophy due to an increase in

myocardial mass and a reduction in ventricular
wall thickness (in the absence of coronary, valvu-
lar, and systemic disease). At histologic examina-

tion, there is evidence of myocyte hypertrophy,
attenuated myocytes with perinuclear halo due to
myofibril loss, and hyperchromatic bizarrely
shaped nuclei. Some inflammatory cells, mostly

T lymphocytes and macrophages, are often visi-
ble, and spots of replacement-type fibrosis are
present in about one third of cases.

From a clinical viewpoint, DCM may manifest
at any age, most commonly in the third or fourth
decade but also in young children, and usually is

identified when associated with severe limiting
symptoms and disability. DCM leads to progres-
sive heart failure due to impairment of left

ventricular systolic function, arrhythmias, conduc-
tion system disturbances, thromboembolism, and
sudden or heart failure–related death. Although
uncommon, DCM may represent a cause of

arrhythmic sudden death in young/adult individ-
uals engaged in sport activities. In family screening
studies with echocardiography, asymptomatic or

mildly symptomatic relatives may be identified.
The clinical evaluation of athletes with sus-

pected DCM includes a personal and family

history, physical examination, 12-lead ECG, echo-
cardiography, and Holter monitoring. Twelve-
lead ECG and Holter monitoring may reveal
supraventricular and ventricular tachyarrhyth-

mias in a very early stage of the disease, as well
major conduction delays (ie, left bundle branch
block and atrioventricular block).

At echocardiography, a disproportionate en-
largement of the left ventricular cavity with re-
spect to normal or mildly increased left ventricular

wall thickness is typical. The left ventricular shape
becomes spherical, and the mitral annulus may
enlarge, resulting in valve regurgitation [13]. The

ejection fraction is diminished (!50%), segmental
wall motion abnormalities may be present, stroke
volume is reduced, and end-diastolic chamber
pressure is increased. Cardiopulmonary testing

may be useful to assess the impairment in physical
capacity and the occurrence of exercise-induced
supraventricular/ventricular arrhythmias [14].

According to Pelliccia and colleagues [15], the
differential diagnosis with physiologic left ventric-

ular enlargement in trained athletes, mostly
engaged in aerobic disciplines (eg, cycling, cross-
country skiing, rowing, long-distance running), is

based on the presence of normal left ventricular
systolic function, no segmental wall motion abnor-
malities, and normal left ventricular diastolic

filling (by Doppler imaging) and tissue doppler im-
aging pattern. Indeed, left ventricular cavity dila-
tion in normal athletes is associated with

superior physical performance as assessed by car-
diopulmonary testing.

In selected athletes, left ventricular chamber
dilation is associated with only a mildly reduced

ejection fraction (ie, 50%–60%). In these cases, it
may be useful to assess the patient by echocardi-
ography or radionuclide imaging regardless of

whether a significant raise of the ejection fraction
(O60%) is induced during exercise. The absence
of significant improvement at peak exercise sug-

gests pathologic left ventricular dilatation.

Myocarditis and dilated cardiomyopathy as causes

of sudden death in young athletes

Myocarditis has been traditionally considered
an important cause of sudden death in young
individuals including athletes, although its impor-
tance may be exaggerated because of overinter-

pretation of histologic data and the lack of
standardized morphologic criteria (Fig. 1). It has
been shown that intense physical exercise, either

as a single episode of exhausting exercise or as per-
sistent overtraining, can increase the susceptibility
to upper respiratory infections as a consequence

of a depressant effect upon T lymphocytes, inter-
leukin, and the natural killer cell system [16].
Moreover, experimental evidence suggests that ex-

ercise during the early phase of myocarditis may
increase the viral replication rate within myocytes,
resulting in increased cytolysis and an enhanced
immune response leading to increased inflamma-

tion and necrosis [17–19].
Sudden death may occur in the active or

healed phases of myocarditis as a consequence of

life-threatening ventricular arrhythmias, which
develop mostly in the setting of an unstable
myocardial substrate, namely inflammatory in-

filtrate, interstitial edema, myocardial necrosis,
and fibrosis. The gross appearance of the heart
is not distinctive, and its weight may be within
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Fig. 1. Cardiovascular causes of sudden death in competitive athletes, United States (A) and Italy (B). Note the prev-

alence of myocarditis and DCM. ARVC, arrhythmogenic right ventricular cardiomyopathy; AS, aortic stenosis; CAD

ATH, otherosclerotic coronary artery disease; HCM, hypertrophic cardiomyopathy; LV, left ventricular; MVP, mitral

valve prolapse. (Data from Refs. [21,22].)
normal values (the ‘‘grossly normal heart’’ in
Fig. 2) [20,21]. A patchy inflammatory infiltrate
in the form of a starry sky–like feature (!14 leu-

cocytes/mm2) and not necessarily associated with
myocyte necrosis is a frequent observation. This
subtle substrate, together with the possible inflam-

matory involvement of the conduction system,
seems highly arrhythmogenic and may account
for unexpected arrhythmic cardiac arrest [20].

A review of major autopsy series of sudden
death in the young demonstrated that myocarditis
accounted for up to 42% of fatal events [20]. This
high incidence represents the strongest evidence

that subclinical myocarditis can be a cause of ven-
tricular fibrillation and come from an autopsy se-
ries on US Air Force recruits [22].

In the United States, the high-visibility trage-
dies of Hank Gathers and Reggie Lewis concern-
ing competitive athletes who died suddenly were

consistent with myocarditis [23]. In a recent large
US series of 387 competitive young athletes who
died suddenly, 20 (5.2%) showed a typical presen-

tation of myocarditis [24].
A recent population-based study of trends in

sudden cardiovascular death in an athletic and
non-athletic population aged 12 to 35 years in the
Veneto region of Italy demonstrated that myo-
carditis accounted for 13% and 15% of fatal

events, respectively [25]. This rate signifies an inci-
dence of 0.24 cases per 100,000 athlete-years.
Although myocarditis in athletes is usually trig-

gered by a viral infection, other causes such as
long-term cocaine abuse can result in a similar
clinical and pathologic profile [26].

Chlamydia pneumoniae was implicated as the
cause of myocarditis and sudden death in 16 young
Swedish elite orienteers (mean age, 25 years;
15 males/1 female) who died unexpectedly [27].

Subsequently, the investigation was extended
to five other Swedish orienteers, identifying
C pneumoniae in one, Bartonella quintana in two,

andBartonella henselae in the remaining three cases
[28]. Rickettsia helvetica was associated with sud-
den death in two young Swedish men who died

during exercise and who showed signs of perimyo-
carditis at histology [29].

In contrast, DCM is an extremely rare cause of

sudden death in the athlete, being responsible for
only a small minority of cardiac arrests in
published series. In the Minneapolis Heart
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Foundation Registry, DCM accounted for 2.3%
of sudden deaths in young athletes [24]. Similarly,
only 1 of 55 competitive athletes dying suddenly in
the Veneto region had pathologic evidence of

DCM (2%) (see Fig. 1) [30].
Recommendations for sport activity in athletes

affected by myocarditis and dilated

cardiomyopathy

The recommendations for sport activity dis-

cussed herein are based on recent consensus
documents of expert panels of the European
Society of Cardiology and the Sports Cardiology

Section of the European Association of Cardio-
vascular Prevention and Rehabilitation [31,32].

Myocarditis may evolve into a chronic in-

flammation, often with a subclinical course, and
eventually progress into DCM (Fig. 3). It is of ut-
most importance to respect an adequate period of

athletic rest until the disease has completely re-
solved. Athletes with a clinical diagnosis of myo-
carditis should be temporarily excluded from
competitive and amateur-leisure time sport activ-

ity. This recommendation is independent of age
and gender and does not differ for athletes with
only mild symptoms or under treatment with

drugs. After resolution of the clinical presentation
(at least 6 months after the onset of the disease),
clinical reassessment is indicated before the athlete

re-enters a competitive sport lifestyle. Moreover,
preparticipation screening should be performed
every 6 months during the follow-up.

Athletes with a clinical diagnosis of DCM
should be excluded from most competitive sports,
with the possible exception of those of low
intensity. This recommendation is independent

of age, gender, and phenotypic appearance, and
does not differ for those athletes without symp-
toms, those with prior treatment with drugs or

major interventions with surgery, or those with an
implantable defibrillator. Moreover, the presence
of a free-standing automated external defibrillator

at sporting events should not be considered
absolute protection against sudden death or

Fig. 2. Sudden cardiac death in a previously asymptom-

atic 17-year-old boy due to acute myocarditis. (A) The

heart specimen removed at autopsy appears grossly nor-

mal. (B) Histologic examination shows a polymorphous

inflammatory infiltrate associated with myocyte necrosis

(hematoxylin–eosin). (C) Agarose gel electrophoresis

showing enteroviral RT-PCR results: lane 1, DNA mo-

lecular weight marker; lane 2, RT-PCR amplified prod-

ucts of patient’s specimen; lane 3, negative control; lane

4, RT-PCR amplified products of positive control.

(Adapted from Basso C, Calabrese F, Corrado D, et al.

Postmortem diagnosis in sudden cardiac death victims:

macroscopic, microscopic and molecular findings. Car-

diovasc Res 2001;50:293; with permission.)

=
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a treatment strategy for DCM, nor should it be
considered a justification for participation in
competitive sports in athletes with previously

diagnosed DCM.
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Vigorous physical exercise increases skeletal
muscle oxygen requirements, which are satisfied

primarily by an increase in cardiac output. This
increase in cardiac output requires an augmen-
tation in myocardial function that is in turn

dependent upon a healthy coronary arterial
circulation. Abnormalities in the coronary artery
circulation may limit myocardial blood flow, pro-
ducing exertional myocardial ischemia and dimin-

ished peak cardiac output. Coronary artery
pathology can also produce acute coronary events,
such as myocardial infarction and sudden death.

This article discusses diseases of the coronary
circulation relevant to athletes.

Normal coronary arterial circulation: embryology,

anatomy, function

During embryogenesis, the two main truck

coronary arteries arise as small buds (termed
anlagen) from the aortic root. These buds enlarge
and advance over the epicardial surface as the

heart continues to develop into the adult shape.
These premature arteries soon begin branching
into secondary vessels, and then ultimately fuse

with a pre-existing capillary network that en-
shrouds the fetal heart [1]. The mature coronary
arterial circulation is ultimately formed through

a process of capillary apoptosis and selective ag-
gregation [2]. Though mechanisms remain incom-
pletely understood, deviations from the normal
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embryonic process of coronary artery develop-
ment result in the congenital coronary pathologies

discussed below.
The normal coronary circulation is comprised

of three distinct arteries, each responsible for

blood supply to a specific portion of the ventric-
ular myocardium. The left and right main coro-
nary arteries originate from their respective
sinuses of Valsalva behind the adjacent leaflets

of the aortic valve. The right coronary artery
extends over the right atrioventricular groove
(right ventricular and inferior left ventricular

blood supply), terminating in the posterior de-
scending artery (posterior left ventricular blood
supply) in the majority of individuals. The left

main coronary artery bifurcates 2 mm to 10 mm
beyond its aortic root origin into the left circum-
flex artery (lateral left ventricular blood supply)

and the left anterior descending artery (anterior
left ventricular blood supply).

The primary function of the coronary arteries
is to provide oxygen and energy-rich blood to the

myocardium. Myocardial perfusion, and thus
substrate delivery, occurs largely during cardiac
diastole. Unlike skeletal muscle, the myocardium

extracts the majority of oxygen delivered even at
basal levels of function. Consequently, an increase
in myocardial function cannot be accommodated

by increased substrate extraction and is dependent
upon increased blood flow. This is accomplished
by the remarkable vasodilatory capacity of the

coronary circulation, which can increase blood
supply four to five times the basal rate to meet
increased myocardial oxygen demand [3]. Numer-
ous complementary mechanisms, including auto-

nomic nervous system input and the production
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of local vasoactive metabolites, facilitate this vas-
odilatory response [4,5].

Coronary artery pathology: general overview

For the purpose of this review, the authors
have divided coronary artery pathology (CAP)

into congential or primary CAP, and acquired or
secondary CAP (Box 1). Primary CAP includes
anomalies of coronary artery origin and course,

whereas secondary CAP encompasses a variety
of antenatal processes that compromise coronary
function. Primary CAP is most frequently en-
countered in children and adolescents, whereas

secondary CAP often presents in older individ-
uals. This age predilection is useful in the initial
assessment of a patient with suspected CAP, but

clinicians must be aware that deviations from
this rule are not uncommon.

Clinically relevant CAP shares the common

pathophysiologic endpoint of myocardial ische-
mia. Myocardial ischemia is a function of both
supply and demand. Athletes are particularly
susceptible to even minimal coronary artery ab-

normalities because they frequently perform activ-
ities that markedly increase myocardial oxygen
demand. Coronary artery dilation and increased

myocardial perfusion normally occur in proportion
to myocardial oxygen demand. Any fixed or

Box 1. Important causes of coronary
artery pathology in athletes

A. Primary coronary artery pathology:
1. Anomalous coronary artery origin

a. Left main coronary right sinus
origin

b. Left main coronary pulmonary
artery origin

2. Myocardial bridging
B. Secondary coronary artery pathology:

1. Atherosclerotic coronary artery
disease

2. Spontaneous coronary artery
dissection
a. Peripartum period associated
b. Connective tissue disorders
c. Idiopathic

3. Coronary artery vasospasm
a. In the absence of atherosclerotic

coronary disease
b. In association with

atherosclerotic coronary disease
dynamic compromise in coronary blood flow can
producemyocardial ischemia thatmay present with
such symptoms as typical chest discomfort, diapho-

resis, nausea, arrhythmia, and the consequences of
myocardial pump inadequacy, such as transient
exercise intolerance, syncope, or heart failure.

Primary coronary artery pathology: congenital

anomalies of the coronary circulation

Congenital anomalies of the coronary artery
circulation account for approximately 15% to
20% of sudden death among athletes [6–8]. These

abnormalities can be divided into disorders of cor-
onary artery origin and disorders of coronary
course. Sudden death caused by a coronary artery
anomaly is most commonly attributed to transient

myocardial ischemia occurring during vigorous
physical exertion. Not all coronary circulation
anomalies have the propensity to cause myocar-

dial ischemia. The following discussion will focus
on those anomalous conditions that have been as-
sociated with exertional myocardial ischemia and

resultant sudden death in athletic individuals.

Anomalous coronary artery origin

In the vast majority of individuals, the proxi-

mal coronary circulation consists of a left main
coronary artery and a right coronary artery that
both begin within their respective sinuses of
Valsalva. Any deviation from this normal anat-

omy is considered anomalous coronary artery
origin. A comprehensive classification scheme
addressing the anatomic variations of coronary

arterial origin has been described by Roberts [9].
The true prevalence of anomalous coronary

artery origin and the quantitative risk of sudden

death associated with specific anomalous circula-
tory patterns are unknown. In a population of
symptomatic adults referred for coronary angiog-

raphy, coronary circulation anomalies were de-
tected in approximately 0.5% of individuals [10].
The investigators provided no data on the clinical
outcomes of these patients. In this report, the most

common anomalous coronary abnormality was
separate ostia for the left anterior descending and
left circumflex arteries from the left sinus of Val-

salva. In the majority of these cases, this anomaly
lacks functional significance because each artery
originates from an adequately developed ostium

and follows a relatively normal trajectory.
There are sparse data on the prevalence of

anomalous coronary artery origin in athletes.
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Pelliccia and colleagues [11] used two-dimensional
echocardiography in 1360 national caliber Italian
athletes to screen for anomalies of coronary artery
origin. Among the 1273 individuals with techni-

cally satisfactory images, 6 out of 1273 (0.5%)
had dual left sinus ostia supplying anatomically
distinct left anterior descending and left circum-

flex arteries. No individuals with coronary arteries
arising from the contralateral sinus of Valsalva
were identified. Similarly, Zeppilli and colleagues

[12] used two-dimensional echocardiography to
screen 3,150 athletes for anomalous coronary ori-
gin, and found that only three (0.09%) had a cor-

onary artery which originated from the incorrect
aortic sinus.

Origin of either the left or right coronary artery
from the contralateral sinus of Valsalva has been

associated with sudden death in athletes [13,14].
Basso and colleagues reported autopsy findings
from 27 young athletes who experienced sudden

death during or immediately after exercise, and
were found to have a coronary artery arising
from the incorrect sinus of Valsalva. Origin of

the left main coronary artery origin from the right
sinus of Valsalva (n ¼ 23) accounted for the ma-
jority of deaths, with only four deaths associated

with origin of the right coronary artery origin
from the left sinus (n ¼ 4).

Origin of the left coronary artery from the
right side can occur when the left coronary

originates as a proximal branch of the right
coronary artery, or when the left coronary arises
from a separate ostium in the right sinus. In both

anatomic variants, the left main coronary artery
has several possible routes to the left side: (1)
anterior to the pulmonary artery, (2) posterior to

the aorta, (3) within the intraventricular septum
beneath the right ventricular infundibulum, and
(4) between the great vessels. The first three are
generally benign and have not been associated

with exercise-related death, whereas passage of
the left main coronary artery between the great
vessels has been associated with exercise related

death [15–18].
There are two possible mechanisms for the

association between a right sinus left main coro-

nary artery and sudden death in athletes [19,20].
First, left main origin from the right sinus of Val-
salva often results in an orientation of the proxi-

mal artery at an acute angle to the aortic root,
making the functional ostium ‘‘slit-like’’ and,
thus, prone to insufficient blood flow during pe-
riods of increased cardiac work. Second, if the

left main coronary artery courses between the
great vessels, it may be compressed by these ves-
sels when they enlarge to accommodate the in-
creased stroke volume of exercise. These two
mechanisms are not mutually exclusive and may

simultaneously contribute to myocardial
ischemia.

Origin of the left main from the pulmonary

trunk has only rarely been associated with exer-
cise-related deaths. This entity was first described
in 1886 and occurs in approximately one in

300,000 live births [21–23]. It is a well-recognized
cause of myocardial ischemia and infarction in
children, but has a mortality rate of approxi-

mately 90% by 1 year [24]. However, 10% to
15% of individuals with this anomaly remain
asymptomatic during early years, ultimately sur-
vive into adulthood, and are at risk for exercise-

related events. Survival into adulthood appears
to require both a large dominant right coronary
artery with extensive right to left collaterals, and

a restricted left main coronary ostium at the site
of pulmonary trunk origin to reduce the myocar-
dial supply of deoxygenated blood [25,26]. Adults

with a pulmonary arterial left main coronary
artery have an estimated incidence of sudden
death of 80% to 90% at a mean age of 35 years

[27,28].
The diagnosis of anomalous coronary circula-

tion in athletes is challenging and requires a high
index of suspicion. This condition should be

considered in young athletes presenting with
symptoms of possible exercise-induced myocar-
dial ischemia, including exertional chest dis-

comfort, exercise intolerance, palpitations, and
exercise-induced syncope. Preparticipation screen-
ing with electrocardiography and exercise stress

testing cannot accurately detect these conditions
[14]. Transthoracic echocardiography has been
proposed for screening but has not been widely
adpoted [11,12]. Conventional coronary artery an-

giography has long been the gold standard for the
diagnosis of coronary anomalies but has been re-
placed by newer noninvasive imaging techniques,

including coronary artery computed tomography
and magnetic resonance imaging [29–32].

Athletes with an anomalous coronary anomaly

associated with exercise-related sudden cardiac
death should be excluded from athletic activities
until the anomaly is surgically corrected [33–37].

Anomalous coronary artery course

The major coronaries and their important
branches lie on the epicardial surface of the heart
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and provide tissue perfusion through small pene-
trating arterioles. Myocardial bridging refers to
a segment of a major epicardial coronary artery

which courses through the myocardium beneath
an overlying muscular bridge. During systolic
contraction, the surrounding myocardium com-
presses the coronary artery lumen and impedes

blood flow. This entity was first recognized at
autopsy in 1737, and subsequently by coronary
angiography in 1960 [38,39]. The estimated preva-

lence of myocardial bridging ranges from 1.5%
to16% in angiographic series, and as high as
80% in some autopsy reports [40,41].

The true clinical significance of myocardial
bridging in the athlete is unclear. It is probable
that myocardial bridging is most often benign,
given the disparity between its prevalence and the

incidence of related cardiac events. However, cases
of exercise-induced ischemia and sudden death in
the absence of other causes have been reported [7].

Several mechanisms explaining myocardial
bridge related ischemia have been proposed. One
possibility is that systolic epicardial coronary blood

flow, of minimal significance at rest, is important at
high levels of cardiac work. Reductions in total
blood flow caused by systolic arterial compression

could produce distal ischemia, with consequences
such as malignant arrhythmias. Alternatively,
myocardial bridging could accelerate local athero-
sclerosis or produce endovascular trauma with

acute thrombus formation.
Myocardial bridging is frequent in hypertro-

phic cardiomyopathy [42,43]. The presence of

bridging in the hypertrophic population is directly
associated with the degree of septal hypertrophy
and with a higher frequency of chest pain, cardiac

arrest, ventricular arrhythmia, abnormal blood
pressure response to exercise, and exercise induced
ECG abnormalities [44]. The contribution of
myocardial bridging to the well-documented risk

of exercise-related cardiac events in patients with
hypertrophic cardiomyopathy is uncertain.

The management of myocardial bridging in the

athlete with symptoms attributable to this disor-
der has not been addressed in a rigorous fashion.
Consensus committee guidelines, based on data

derived primarily from nonathletes [45], recom-
mend beta-blockers or calcium channel blockers
for medical management to reduce heart rate and

possibly to minimize the degree of intramyocardial
arterial compression [46]. Intracoronary stent
placement has been performed and can be consid-
ered an option in patients with symptomatic bridg-

ing that is refractory to medical interventions
[47,48]. Finally, surgical options, including dissec-
tion of the overlying myocardium and minimally
invasive coronary artery bypass grafting, have

been reported [49,50]. A reasonable approach to
the athlete with suspected symptomatic myocardial
bridging and no alternative explanatory pathology
would include a stepwise escalation of therapy with

periodic exercise stress testing to assess efficacy.

Secondary coronary artery pathology: acquired

pathology of the coronary circulation

Atherosclerotic coronary disease

Multiple lines of evidence suggest that regular

physical activity reduces the incidence of athero-
sclerotic coronary disease [51–54]. However, an
athletic lifestyle does not completely prevent ei-
ther the development of, or the adverse outcomes

associated with, coronary atherosclerosis. Indeed,
coronary atherosclerosis is the most frequent
cause of exercise-related cardiac events in adults

over the age of 30 years, but remains a rare cause
of cardiac events during exercise in younger indi-
viduals [7,55,56].

There has been significant progress in our
understanding of the biology and physiology of
atherosclerotic coronary artery disease over the

last two decades [57]. An important advance in
our understanding of the atherosclerotic disease
process is the recognition that acute coronary syn-
dromes often occur in arteries without previous

critical stenosis. Atherosclerotic plaque rupture
and erosion in coronary segments with mild to
moderate disease have been demonstrated as the

inciting event leading to the acute vessel occlusion
that is often responsible for myocardial infarction
and subsequent sudden death.

Physical exercise may be an important stimuli
for such plaque disruption [58]. Burke and col-
leagues [59] reported autopsy findings on 141

men with severe coronary disease, who died sud-
denly either at rest (n ¼ 116) or during strenuous
physical activity or emotional stress (n ¼ 25). Cul-
prit plaque rupture was more frequent in those in-

dividuals who died during exercise (17 out of 25,
68%) than in those who died at rest (27 out of

116, n ¼ 23%). They concluded that acute plaque

rupture is a common cause of exertional sudden
death among individuals with coronary disease.

Diagnosing atherosclerotic coronary disease in

athletes, and ultimately preventing exercise-related
complications, is challenging. Atherosclerosis of
some degree is extremely common in adults, but
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exercise-related cardiac events attributable to this
process are comparatively rare. Exercise-related
sudden death in adults occurs in only one in 15,000
to 18,000 ostensibly healthy individuals annually,

although the rate of exercise-related myocardial
infarction is likely higher [55,60]. Furthermore, the
majority of individuals are asymptomatic before

a serious or fatal event. Current consensus commit-
tee guidelines have established criteria for dia-
gnosis, including any one of the following: (1)

a history of myocardial infarction confirmed by
conventional diagnostic criteria; (2) a history sug-
gestive of angina pectoris, with objective evidence

of inducible ischemia; or (3) coronary atherosclero-
sis of any degree demonstrated by coronary imag-
ing studies, such as catheter-based coronary
angiography, magnetic resonance angiography, or

electron beam computed tomography [45].
Because an active lifestyle does not necessarily

prevent atherosclerotic disease, athletes, like the

general population, should be evaluated for the
standard atherosclerotic risk factors, such as
hypertension, diabetes, dyslipidemia, tobacco

use, illicit drug use, and a family history of
premature atherosclerotic disease. It is also im-
portant to inquire about exertional chest discom-

fort or other possible symptoms of ischemia, and
to instruct adult athletes to seek medical care
promptly if prodromal symptoms appear. Such
complaints should not be ignored in athletes in the

mistaken belief that they are immune to athero-
sclerotic events. All individuals with possible
ischemia require diagnostic evaluation, including

exercise stress testing, noninvasive imaging, or
traditional coronary angiography as necessary.

Once the diagnosis of atherosclerotic coronary

disease has been established, risk stratification is
prudent. Current recommendations for managing
of atherosclerotic disease in athletes are based
primarily on data derived from nonathletes. It is

likely that the risk of exercise in athletes is related
to atherosclerotic disease severity, the magnitude
of left ventricular dysfunction, the presence and

extent of inducible ischemia, and evidence of
electrical instability. Continued athletic participa-
tion is generally restricted in athletes with di-

agnosed atherosclerotic coronary disease, with
some exceptions. Consensus recommendations
for managing such patients are available [45].

Coronary artery dissection

The coronary arteries are classified as large
elastic arteries. The coronary artery wall includes
the intima, or inner most layer (comprised of
endothelial cells), the media (made predominantly
of smooth muscle), and the adventitia (consisting
of extracellular matrix structural proteins and

nerve fibers). These three concentric layers are
tightly connected in the normal coronary artery.

Coronary artery dissection, initially described

by Pretty [61] in 1931, occurs when the integrity of
this trilayer structure is compromised and blood
invades the vessel wall. Blood can enter the wall

through a tear in the intimal layer, or via disrup-
tion of small perforator arteries that normally
feed the media and the adventitia. In both vari-

ants, intramural blood compromises the vessel
lumen and leads to myocardial ischemia. Coro-
nary artery dissection can produce stable angina,
acute coronary syndromes, and sudden death

[62–64].
Most cases of coronary artery dissection in the

present era are an iatrogenic complication of

percutaneous coronary manipulation, or are due
to disruption of a pre-existing atherosclerotic
plaque. The term ‘‘spontaneous coronary artery

dissection’’ is reserved for those cases without
prior intravascular trauma or atherosclerosis.
Spontaneous coronary artery dissection is a rare

condition with an uncertain incidence rate that
occurs most frequently in young women during
the peripartum period or in association with oral
contraceptive use [65–69]. Spontaneous coronary

dissections are also observed in patients with un-
derlying connective tissue disorders, such as Mar-
fan’s syndrome, Ehlers-Danlos syndrome, and

fibromuscular dysplasia [70–72].
Physical exertion can precipitate coronary

artery dissection [73–76]. The pathogenesis of ex-

ercise-induced coronary dissection is speculative,
but likely results from increased shear forces
caused by vigorous cardiac contraction and aug-
mented coronary artery blood flow in individuals

susceptible because of genetic variants or hor-
monal state.

Spontaneous coronary artery dissection should

be suspected in young athletic individuals who
present with clinical findings suggestive of myo-
cardial ischemia in the absence of known athero-

sclerotic risk factors. This possibility should also
be considered in young women with cardiac
ischemia during estrogenic hormonal therapy or

in the peripartum period. The possibility of
coronary dissection should prompt rapid diagnos-
tic evaluation with coronary angiography. Percu-
taneous coronary intervention with angioplasty

and stenting has emerged as the preferred
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treatment strategy [77–80]. Dissection of the left
main coronary artery or dissection involving mul-
tiple vessels are best managed with surgical revas-

cularization [81,82]. Despite high rates of death
associated with this condition, individuals who re-
ceive prompt treatment can survive with minimal
residual morbidity [83,84]. Spontaneous dissection

in athletes is rare and there are no formal recom-
mendations regarding the management of indi-
viduals who survive their index event.

Recommendations regarding further athletic par-
ticipation should be considered on a case-by-case
basis.

Coronary artery vasospasm

Episodic spasm of the coronary arteries with
resultant myocardial ischemia, coined ‘‘variant
angina,’’ was described in 1959 by Prinzmetal

and colleagues [85]. This phenomenon occurs
most frequently at rest and is usually not precipi-
tated by emotional stress or physical exertion. The

clinical manifestations of this disorder include
typical chest pain with ST-segment elevation on
the 12-lead electrocardiogram that are indistin-
guishable from those associated with acute throm-

botic occlusion of a coronary artery, except that
the ST elevation with vasospasm is promptly re-
versible. Coronary vasospasm appears to occur

most frequently in regions of the coronary circula-
tion with pre-existing atherosclerotic disease, with
or without true luminal narrowing [86,87]. The

mediating mechanisms are incompletely defined,
but probably include reduced production of local
vasodilatory factors because of atherosclerotic

endothelial damage or a systemic alteration in
vasomotor control [88–90].

Classic variant angina occurs at rest, but
exercise can trigger attacks in some individuals.

Yasue and colleagues [91] reported experience
with 13 individuals with this condition who had
symptoms that occurred during exercise treadmill

testing. In all individuals attacks were provoked
during morning physical exertion but did not oc-
cur during repeat afternoon testing. This sugges-

tion of an interaction between variant angina
attacks and circadian rhythm has been observed
by other investigators [92]. Exercise has also
been documented to produce paradoxical coro-

nary vasoconstriction in individuals with underly-
ing atherosclerotic disease. The normal coronary
arteries vasodilate during exercise but may con-

strict during exercise if there is underlying, even
minimal, atherosclerosis [93]. The contribution
of vasospasm to acute exercise-related cardiac
events has never been well documented, but may
account for some sudden deaths or acute myocar-

dial infarctions in the absence of ‘‘important’’ ath-
erosclerosis by angiography or necropsy. These
examinations, however, cannot exclude more fre-
quent scenarios, such as a thrombotic event with

subsequent clot resolution.
Coronary vasospasm should be suspected in

athletic individuals who develop typical chest

pain, either at rest or during physical exertion,
and who have no evidence of flow obstructing
atherosclerotic disease during diagnostic testing.

Exercise stress testing has limited sensitivity for
the detection of this condition. Coronary angiog-
raphy and ventriculography performed during an
episode of variant angina typically demonstrates

proximal coronary artery narrowing or occlusion,
with resultant abnormalities in left ventricular
function. Both spasm and consequent myocardial

dysfunction are eliminated by the introduction of
systemic or intracoronary nitroglycerin, or an
alternative vasodilator. Spasm appears to occur

most frequently in the right coronary artery,
followed by involvement of the left anterior
descending artery [94]. Provocative testing during

angiography with ergonovine and related agents is
rarely performed, but guidelines for this strategy
have been developed [95].

Most individuals with this condition follow

a benign clinical course, thoughdrarelyd
vasospasm can precipitate serious complications
of myocardial ischemia, including infarction, ar-

rhythmia, or sudden death [96]. Pharmacologic in-
tervention with calcium channel blockers and long
acting nitrates is effective [97,98]. Athletes with

documented vasospasm should also undergo ath-
erosclerosis risk factor management because un-
derlying atherosclerosis contributes to abnormal
coronary vasomotion. The risk of vigorous exer-

cise in athletes associated with vasospastic angina
is unknown. Recommendations for athletic activ-
ity should be based on evidence that exercise pro-

duces vasospasm in the athlete, the ability to
control symptoms with medications, and the pres-
ence of underlying atherosclerosis. Consensus

guidelines favor marked restriction of physical ac-
tivity in these athletes.

Summary

The physical demands on athletic participants
require high levels of myocardial function. The
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augmentation of myocardial function that ac-
companies vigorous exercise is dependent upon
adequate coronary artery blood flow reserve.
Coronary artery pathology can limit coronary

blood flow and produce exertional myocardial
ischemia with its clinical consequences. The clini-
cian charged with the care of athletes must have

a high index of suspicion for underlying coronary
artery pathology when faced with an individual
with suggestive symptoms. Management includes

treatment of the underlying coronary condition
and restriction of athletic participation when
appropriate.
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Epidemiology

Blood pressure increases with age. Systolic
blood pressure continues to increase throughout

adult life, related to progressive arterial stiffening,
whereas diastolic blood pressure plateaus in the
sixth decade of life and decreases thereafter [1].

Blood pressure is lower in women than in men
below the age of about 50, rises more steeply in
women around menopause, and becomes higher

in women than in men thereafter.
In recent epidemiologic studies, hypertension is

defined as systolic blood pressure greater than or

equal to 140 mm Hg or diastolic blood pressure
greater than or equal to 90 mm Hg, or being on
antihypertensive treatment. The prevalence of
hypertension in the population amounts to about

25% and is expected to increase to up to about
29% in 2025 [2].

When broken down by age and gender, the

prevalence is approximately 15%, 30%, and 55%
in men aged 18 to 39, 40 to 59, and 60 and older,
respectively, and about 5%, 30%, and 65% in

women in these age groups. The prevalence of
isolated systolic hypertension is very low before
the age of 50, but increases sharply thereafter.
These epidemiologic data indicate that hyperten-

sion may already be present in the young athlete,
although rarely, but occurs more frequently in the
older sportsman.

Unless blood pressure is measured, hyperten-
sion may remain undetected because it usually
causes no symptoms. However, about 25% of

patients who have hypertension by conventional
measurements have a normal blood pressure on
24-hour ambulatory monitoring or on home

blood pressure measurements; this phenomenon
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is the so-called ‘‘white-coat’’ or isolated clinic
hypertension [3,4]. Young athletes with clinic
hypertension often have normal blood pressure

on ambulatory monitoring [5]. On the other
hand, patients may have masked or isolated am-
bulatory hypertension, which is characterized by

a normal blood pressure in the office and an
elevated blood pressure out of the office [6].

Hypertension as a cardiovascular risk factor

Hypertension is associated with an increased
incidence of all-cause and cardiovascular mortal-

ity, sudden death, stroke, coronary heart disease,
heart failure, atrial fibrillation, peripheral arterial
disease, and renal insufficiency. In the population

at large, the relationship between cardiovascular
complications and blood pressure is linear [7]. The
prognosis of white-coat hypertension is better

than that of sustained ambulatory hypertension,
and studies suggest that it is even similar to that
of persons with true normal blood pressure,
whereas patients who have masked hypertension

appear to have a worse outcome than true normo-
tensives [3,4,6,8–10].

Despite conclusive evidence that antihyperten-

sive therapy reduces the complications of hyper-
tension [1,11], only about one half of all patients
who have hypertension are under treatment and

only a fraction of these have normal blood pres-
sure [12,13]. Systolic blood pressure appears to
be more difficult to control than diastolic blood

pressure, particularly in older patients.

Classification of hypertension

The classification of hypertension is based on

multiple conventional blood pressure measure-
ments taken on separate occasions, in the sitting
ights reserved.
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position, by use of a mercury sphygmomanometer
or another calibrated device. Table 1 summarizes
the definitions and classification of blood pressure

levels, according to the European Society of
Hypertension – European Society of Cardiology
guidelines for the management of arterial hyper-
tension [1,14]. The universally accepted blood pres-

sure threshold for hypertension is 140/90 mm Hg.
Twenty-four hour ambulatory blood pressure

monitoring should be considered in cases of

suspected white-coat hypertension, considerable
variability of office blood pressure, marked dis-
crepancy between blood pressure measured in the

office and at home, and in subjects with high office
blood pressure and low global cardiovascular risk.
The threshold for the definition of hypertension is
130/80 mm Hg for 24-hour blood pressure. The

threshold for daytime ambulatory blood pressure
and the self-measured blood pressure at home is
135/85 mm Hg. Patients above the threshold for

conventional blood pressure and below the
threshold for the out-of-office pressure are con-
sidered to have white-coat or isolated office

hypertension and the reverse is true for masked
or isolated ambulatory hypertension [1,15].

Approximately 95% of patients who have

hypertension have essential or primary hyperten-
sion, which results from an interaction between
genetic factors and lifestyle/environmental factors
that include being overweight, high salt intake,

excessive alcohol consumption, and physical in-
activity. The main causes of secondary hyperten-
sion involve renovascular, renal, and adrenal

abnormalities [1].
The role of ergogenic aids in increasing blood

pressure should be considered in the hypertensive

sportsman or athlete. Athletes may abuse

Table 1

Definitions and classification of clinic blood pressure

levels (mm Hg)

Category Systolic Diastolic

Optimal !120 and/or !80

Normal 120–129 and/or 80–84

High normal 130–139 and/or 85–89

Grade 1 hypertension 140–159 and/or 90–99

Grade 2 hypertension 160–179 and/or 100–109

Grade 3 hypertension R180 and/or R110

Isolated systolic

hypertension

R140 and/or !90

Isolated systolic hypertension can also be graded

(grades 1, 2, 3) according to systolic blood pressure

values in the ranges indicated, provided diastolic values

are less than 90 mm Hg.
prohibited substances such as anabolic steroids,
erythropoietin, stimulants, and so forth. The un-
controlled use of these agents has been associated

with numerous side effects, including hypertension.
Also, the use of nonsteroidal anti-inflammatory
drugs should be specifically considered because
these compounds may increase blood pressure

and are commonly used in the athletic setting [16].

Assessment of the severity of hypertension

and risk stratification

The severity of hypertension depends not only
on the blood pressure level (see Table 1) but also

on the presence of other cardiovascular risk fac-
tors, target organ damage, and cardiovascular
and renal complications. Table 2 summarizes the
classification based on the overall cardiovascular

risk [1,14]. The terms low, moderate, high, and
very high added risk, in comparison with healthy
normotensives without risk factors, are calibrated

to indicate an approximate absolute 10-year risk
of cardiovascular disease of less than 15%, 15%
to 20%, 20% to 30% and greater than 30%,

respectively, according to the Framingham crite-
ria, or an approximate absolute risk of fatal
cardiovascular disease of less than 4%, 4% to

5%, 6% to 8% and more than 8%, according to
the European SCORE system [17].

The risk stratification is based on the accumu-
lated number of selected risk factors, the presence

of target organ damage, or cardiovascular or renal
disease, as outlined in Table 2. With regard to left
ventricular hypertrophy, it should be noted that

sports activity itself may induce hypertrophy; the
extent and distribution of hypertrophy and assess-
ment of diastolic left ventricular function may

help to distinguish between hypertensive heart
disease and athlete’s heart [18–21]. Athlete’s heart
typically shows normal diastolic filling and relax-

ation, and is considered a physiologic adaptation
to training, in contrast to the hypertrophy second-
ary to hypertension. Hypertensive patients usually
have concentric left ventricular hypertrophy (but

eccentric hypertrophy has also been described)
[22]; whether or not hypertension in an athlete
will accentuate the development and extent of

left ventricular hypertrophy, or whether athletic
conditioning in a hypertensive patient will worsen
the left ventricular hypertrophy, is not known.

The importance of the risk stratification is
that hypertensive patients at high or very high
added risk should be treated promptly with
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Table 2

Stratification of cardiovascular risk in four categories

Blood pressure (mm Hg)

Other risk

factors, target

organ damage,

or disease

Normal

(SBP 120–129

or DBP 80–84)

High normal

(SBP 130–139

or DBP 85–89)

Grade 1 HT

(SBP 140–159

or DBP 90–99)

Grade 2 HT

(SBP 160–179

or DBP 100–109)

Grade 3 HT

(SBPR180 or

DBPR110)

No other

risk factorsa
Average risk Average risk Low added risk Moderate added

risk

High added risk

1–2 risk

factorsa
Low added risk Low added

risk

Moderate added

risk

Moderate added

risk

Very high

added risk

3 or more

risk factorsa, TODb,

MS or diabetes

Moderate added

risk

High added

risk

High added risk High added risk Very high

added risk

Established CV or renal

diseasec
Very high

added risk

Very high

added risk

Very high

added risk

Very high

added risk

Very high

added risk

Low, moderate, high and very high added risk indicate an approximate 10-year risk of fatal or nonfatal cardiovas-

cular disease of less than 15%, 15% to 20%, 20% to 30%, and higher than 30%, respectively; or a risk of fatal cardio-

vascular disease of less than 4%, 4% to 5%, 5% to 8%, and higher than 8%, according to SCORE charts.

Abbreviations: CV, cardiovascular; DBP, diastolic blood pressure; HT, hypertension; SBP, systolic blood pressure;

MS, metabolic syndrome; TOD, target organ damage.
a Risk factors used for stratification are blood pressure level; levels of pulse pressure (in the elderly); gender and age

(menO55 years; womenO65 years); smoking; dyslipidemia (total cholesterolO190 mg/dL or low-density lipoprotein

cholesterol O115 mg/dL, or high-density lipoprotein cholesterol !40 mg/dL in men and!46 mg/dL in women, or tri-

glyceridesO150 mg/dL); abdominal obesity (menR102 cm; womenR88 cm); first-degree family history of premature

cardiovascular disease (men!55 years; women!65 years); fasting plasma glucose (102–125 mg/dL); abnormal glucose

tolerance test.
b Target organ damage includes hypertension-induced left ventricular hypertrophy; ultrasound evidence of arterial

wall thickening or atherosclerotic plaque; slight increase in plasma creatinine (men 1.3–1.5 mg/dL; women 1.2–1.4

mg/dL); estimated glomerular filtration rate!60 mL/min/1.73 m2); presence of microalbuminuria; carotid-femoral pulse

wave velocityO12 m/s; ankle/brachial blood pressure ratio!0.9.
c Diseases include cerebrovascular disease (stroke; transient ischemic attack); ischemic heart disease (myocardial

infarction, angina, coronary revascularisation); heart failure; peripheral vascular disease; renal disease (diabetic ne-

phropathy; renal impairment; proteinuria); advanced retinopathy (hemorrhages; exudates; papiledema).
antihypertensive drugs, whereas patients at low or
moderate added risk are only treated when

hypertension persists despite lifestyle measures.
An alternative way to estimate risk in those who
are not at high or very high added risk according

to Table 2 is to use the European SCORE system
[17].

Assessment of the risk associated with exercise

Exercise-related sudden death at a younger age
is mainly attributed to hypertrophic cardiomyop-

athy, anomalies of the coronary arteries, or
arrhythmogenic right ventricular dysplasia
[21,23–25], and is unlikely to be related to hyper-

tension. On the other hand, coronary heart dis-
ease has been identified in approximately 75%
of victims of exercise-related sudden death above

the age of 35 [26]. Whether or not high blood pres-
sure is a cause of exercise-related sudden death on
its own is not known, but hypertension is certainly
a major risk factor for the development of coro-
nary artery disease. In addition, hypertension-in-

duced left ventricular hypertrophy may cause
life-threatening ventricular arrhythmias [27]. It is
likely that the risk associated with exercise can

be derived from the overall risk stratification
(see Table 2). Therefore, the general approach to
the hypertensive patient should also apply to the

exercising patient.

Diagnostic evaluation

Diagnostic procedures are aimed at

Establishing blood pressure levels
Identifying secondary causes of hypertension
Evaluating the overall cardiovascular risk by

searching for other risk factors, target organ
damage and concomitant diseases, or ac-
companying clinical conditions [1,14].



444 FAGARD
Diagnostic procedures comprise a thorough
individual and family history; physical examina-

tion, including repeated blood pressure measure-

ments according to established recommendations;

and laboratory and instrumental investigations, of

which some should be considered part of the

routine approach in all subjects with high blood

pressure, some are recommended, and some are

indicated only when suggested by the core

examinations.

Routine tests include hemoglobin and hemat-
ocrit; serum potassium, creatinine and uric acid;

estimated glomerular filtration rate; fasting

plasma glucose; serum total, low-density and

high-density lipoprotein cholesterol, and triglyc-

erides; urine analysis complemented by micro-

albuminuria dipstick test and sediment

examination; and standard electrocardiography.

In addition, in the competitive athlete with

hypertension, echocardiography and exercise test-

ing with electrocardiography and blood pressure

monitoring are indicated as routine tests [28,29].
Recommended tests include echocardiography;

carotid ultrasound; pulse wave velocity measure-

ment; ankle-brachial blood pressure ratio index;

fundoscopy; quantitative proteinuria (if dipstick

test positive); or glucose tolerance test (if fasting

plasma glucose O 100 mg/dL); and home and

24-hour blood pressure monitoring. Extended

evaluation may be necessary, based on the find-

ings from these investigations [1,14].

The indication for exercise testing depends on
the patient’s risk profile and on the amateur/

leisure-time sports characteristics (Table 3)

[29,30]. In patients who have hypertension and

are about to engage in intense (although amateur)

exercise training (ie, intensity R60% of maxi-

mum), a medically supervised peak or symptom-

Table 3

Indications for exercise testing for sports participation in

patients who have hypertension

Risk category

Demands of exercise

(static or dynamic)

Low or

moderate

High or

very higha

Light (!40% of max) No No

Moderate (40%–59%

of max)

No Yes

High (R60% of max) Yes Yes

a In case of an associated clinical condition, the

recommendations for the specific condition should be

observed.
limited exercise test with electrocardiography (or
cardiopulmonary testing) and blood pressure
monitoring is warranted. In asymptomatic men

or women with low or moderate added risk (see
Table 2) who engage in low-to-moderate leisure-
time physical activity (ie, intensity !60% of
maximum), further testing beyond the routine

evaluation is generally not needed. Asymptomatic
patients with high or very high added risk may
benefit from exercise testing before engaging in

moderate-intensity exercise (ie, 40%–60% of
maximum). Patients who have exertional dyspnea,
chest discomfort, or palpitations need further

examination, which includes exercise testing,
echocardiography, Holter monitoring, or combi-
nations thereof.

A major problem with exercise testing in

a population with a low probability of coronary
heart disease and in subjects with left ventricular
hypertrophy is that most positive tests on electro-

cardiography are falsely positive. Stress myocar-
dial scintigraphy or echocardiography, and,
ultimately, coronaroangiography, may be indi-

cated in cases of doubt. Evidence is inconclusive
that blood pressure response to exercise, in
addition to blood pressure at rest, should play

a role in the recommendations for exercise [31];
however, subjects with an excessive rise of blood
pressure during exercise are more prone to
develop hypertension and should be followed up

more closely [29]. Finally, physicians should be
aware that high blood pressure may impair
exercise tolerance [32].

Effects of exercise on blood pressure

Dynamic exercise

Blood pressure increases during acute dynamic
exercise in proportion to the intensity of the effort
[32]. During long-term, steady-state exercise,

blood pressure tends to decrease after an initial in-
crease of short duration. The increase is greater
for systolic than for diastolic blood pressure,
which increases only slightly or even remains un-

changed. For the same oxygen consumption, the
rise is more pronounced in older subjects and
when exercise is performed with smaller versus

larger muscle groups. The exercise is usually fol-
lowed by postexercise hypotension, which may
last for several hours and is generally more pro-

nounced and of longer duration in patients who
have hypertension than in normotensive subjects
[30].



445ATHLETES WITH SYSTEMIC HYPERTENSION
Cross-sectional and longitudinal epidemiologic
studies indicate that physical inactivity and low
fitness levels are associated with higher blood
pressure levels and increased incidence of hyper-

tension in the population [33]. Meta-analyses of
randomized, controlled intervention studies con-
cluded that regular dynamic endurance training

at moderate intensity significantly reduces blood
pressure [34–36].

A recent meta-analysis involved 72 trials and

105 study groups [36]. After weighting for the
number of participants, training was responsible
for a significant net reduction of resting and day-

time ambulatory blood pressure (3.0/2.4 mm Hg
and 3.3/3.5 mm Hg, respectively). The reduction
of resting blood pressure was more pronounced
in the 30 hypertensive study groups (�6.9/�4.9)
than in the others (�1.9/�1.6). Evidence was not
convincing that the degree of reduction in blood
pressure was related to the intensity of exercise

training, when this ranged between about 40%
and 80% of maximal aerobic power [34]. Systemic
vascular resistance decreased by 7.1%, plasma

norepinephrine by 29%, and plasma renin activ-
ity by 20%. Body weight decreased by 1.2 kg,
waist circumference by 2.8 cm, percent body fat

by 1.4%, and the homeostatic model assessment
(HOMA) index of insulin resistance by 0.31
units; high-density lipoprotein cholesterol in-
creased by 0.032 mg/dL. Therefore, aerobic en-

durance training decreases blood pressure
through a reduction of vascular resistance, in
which the sympathetic nervous system and the

renin-angiotensin system appear to be involved,
and favorably affects concomitant cardiovascular
risk factors.

Static exercise

Blood pressure increases during acute static

exercise and the increase is more pronounced than
with dynamic exercise, particularly with heavy
static exercise at an intensity of more than 40% to
50% of maximal voluntary contraction. In a recent

meta-analysis of randomized controlled trials,
‘‘resistance’’ training at moderate intensity was
found to decrease blood pressure by 3.5/3.2

mmHg [37]. The meta-analysis included nine stud-
ies designed to increase muscular strength and
power or endurance, and all but one study

involved dynamic, rather than purely static, exer-
cise. In fact, few sports are characterized by purely
static efforts. However, only three trials in the
meta-analysis reported on patients who had
hypertension.

Recommendations

General recommendations

Athletes with hypertension should be treated

according to the general guidelines for the man-
agement of hypertension [1,14]. Appropriate non-
pharmacologic measures should be considered in

all patients (ie, moderate salt restriction, increase
in fruit and vegetable intake, decrease in saturated
and total fat intake, limitation of alcohol consump-

tion to no more than 20 to 30 g ethanol/d for men
and no more than 10 to 20 g ethanol/d for women,
smoking cessation, and control of body weight).

Antihypertensive drug therapy should be started
promptly in patients at high or very high added
risk for cardiovascular complications (see Table 2).
In patients at low or moderate added risk, drug

treatment is only initiated when hypertension per-
sists after several weeks (moderate added risk) or
months (low added risk) despite appropriate life-

style changes. The goal of antihypertensive therapy
is to reduce blood pressure to at least below 140/90
mm Hg, and to lower values if tolerated, in all hy-

pertensive patients, and to below 130/80 mm Hg
in diabetics and other high- or very high-risk
conditions.

Current evidence indicates that patients who
have white-coat hypertension do not have to be
treated with antihypertensive drugs, unless they
are at high or very high risk (see Table 2), but reg-

ular follow-up and nonpharmacologic measures
are recommended [1,14]. Also, subjects with nor-
mal blood pressure at rest but exaggerated blood

pressure response to exercise should be followed
up more closely.

Choice of drugs

Several drug classes can be considered for the
initiation of antihypertensive therapy: diuretics;
beta-blockers; calcium channel blockers; angio-
tensin-converting enzyme inhibitors, and angio-

tensin II receptor blockers [1,14]. However,
diuretics and beta-blockers are not recommended
for first-line treatment in patients engaged in com-

petitive or high-intensity endurance exercise [32].
Diuretics impair exercise performance and capac-
ity in the first weeks of treatment through a reduc-

tion in plasma volume, but exercise tolerance
appears to be restored during longer-term treat-

ment; nevertheless, diuretics may cause electrolyte
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and fluid disturbances, which are not desirable in
the endurance athlete. Beta-blockers reduce max-
imal aerobic power by 7% on average, as a result

of the reduction in maximal heart rate, which is
not fully compensated for by increases in maximal
stroke volume, peripheral oxygen extraction, or
both. Furthermore, the time that submaximal ex-

ercise can be sustained is reduced by about 20%
by cardioselective beta-blockers and by about
40% by nonselective beta-blockers, most likely

as a result of impaired lipolysis [32,38,39]. In addi-
tion, diuretics and beta-blockers are on the doping
list for some sports in which weight loss or control

of tremor are of paramount importance. Diuretics
are also banned because they may be used to con-
ceal the use of other doping agents, such as ana-
bolic steroids, by diluting the urine samples. The

hypertensive athlete who has to use a diuretic or
beta-blocker for therapeutic purposes should fol-
low the International Standard for Therapeutic

Use Exceptions of the World Anti-Doping
Agency.

Calcium channel blockers and blockers of the

renin-angiotensin system are currently the drugs
of choice for the hypertensive endurance athlete
[32,40], and may be combined in case of insuffi-

cient blood pressure control. However, the combi-
nation of an angiotensin-converting enzyme
inhibitor and an angiotensin II receptor blocker
is currently not advocated for the treatment of

hypertension because the benefit of the combina-
tion for blood pressure control has not been
proved. If a third drug is required, a low-dose
thiazide-like diuretic, possibly in combination
with a potassium-sparing agent, is recommended.

Unequivocal evidence that antihypertensive
agents would impair performance in ‘‘resistance’’
sports does not exist.

Recommendations for leisure-time
and competitive sports participation

Recommendations to athletes with hyperten-
sion for participation in intense leisure-time and

competitive sports are based on the results of the
evaluation and on the risk stratification (see Table
2), with the understanding that the general recom-

mendations for the management of hypertension
as described earlier are observed, and provided
that the clinical condition is stable. Table 4 sum-
marizes recommendations with regard to compet-

itive sports participation [28,29].
The same recommendations may apply to

patients who aim to engage in hard or very hard

leisure-time sports activities to enhance perfor-
mance substantially. However, most recreational
physical activities are performed at low-to-mod-

erate intensity. Dynamic sports activities are
preferred, but also, low-to-moderate resistance
training may not be harmful and may even
contribute to blood pressure control [37]. In cases

of cardiovascular or renal complications, the
recommendations are based on the associated
clinical conditions. Finally, all patients should be
Table 4

Recommendation for intense leisure-time physical activity and competitive sports participation in athletes who have

systemic hypertension (and other risk factors) according to the cardiovascular risk profile

Risk category Evaluation Criteria for eligibility Recommendations Follow-up

Low added risk History, PE, ECG,

ET, Echo

Well-controlled BP All sports Yearly

Moderate added

risk

History, PE, ECG,

ET, Echo

Well-controlled BP

and risk factors

All sports,

with exclusion of

high-static,

high-dynamic

sports (III C)

Yearly

High added risk History, PE, ECG,

ET, Echo

Well-controlled BP

and risk factors

All sports,

with exclusion of

high-static

sports (III A–C)

Yearly

Very high

added risk

History, PE, ECG,

ET, Echo

Well-controlled BP

and risk factors; no

associated clinical

conditions

Only low-

to moderate-dynamic,

low-static

sports (I A–B)

6 months

Abbreviations: BP, blood pressure; ECG, 12-lead electrocardiography; Echo, echocardiography at rest; ET, exercise

testing; PE, physical examination, including repeated blood pressure measurements according to guidelines.
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followed up at regular intervals, depending on the
severity of hypertension and the category of risk
(see Table 4). In addition, all exercising patients
should be advised on exercise-related warning

symptoms, such as chest pain or discomfort, ab-
normal dyspnea, and dizziness or malaise, which
would necessitate consulting a qualified physician.

Summary

Hypertension is rare in the young, but its
prevalence increases with aging. The overall risk
of the hypertensive patient depends not only on

blood pressure but also on the presence of other
cardiovascular risk factors, target organ damage,
and associated clinical conditions. The recom-

mendations for preparticipation screening, sports
participation, and follow-up depend on the car-
diovascular risk profile of the individual athlete.

When antihypertensive treatment is required,
calcium channel blockers and blockers of the
renin-angiotensin system are currently the drugs
of choice.
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Young competitive athletes are perceived by
the general population to be the healthiest mem-
bers of the society. The possibility that highly

trained athletes may have a potentially serious
cardiac condition that can predispose to life-
threatening tachyarrhythmias or sudden cardiac

death seems paradoxical. However, high-risk
ventricular tachyarrhythmias and sudden cardiac
death, although uncommon, are extremely visible
events, because of the high profile of elite and

professional athletes [1,2]. In athletes under the
age of 30 years, the incidence of sudden death is
low and, in most cases, occurs in individuals

with inherited heart disease [3,4]. In older athletes,
sudden death is more common and is generally
caused by arrhythmias in the context of coronary

artery disease [5].
Indeed, regular exercise training is associated

with morphologic and functional cardiac changes

that may create ambiguity with cardiac pathologic
conditions, and differentiating the benign, exer-
cise-induced physiologic changes from true path-
ologic conditions with risk of sudden death is

critical for developing appropriate screening strat-
egies to reduce these adverse events [6–8].

Prevalence of premature ventricular

depolarizations

Premature ventricular depolarizations (PVDs)
can be quite common in the athletic population.
The prevalence ranges from 6% to 70 % in most
24-hour Holter ECG studies in athletes, and up to

25% of complex forms in selected populations
(Table 1) [9–13]. The difference in prevalence of

E-mail address: a.biffi@libero.it
0733-8651/07/$ - see front matter � 2007 Elsevier Inc. All

doi:10.1016/j.ccl.2007.07.007
ventricular tachyarrhythmias are likely related to
the different methods of athlete selection in vari-
ous studies, and to influence of chance in the prev-

alence when only small groups of subjects are
recruited. Such wide variations do not enable pre-
cise conclusions to be drawn on the actual preva-

lence of ventricular arrhythmias in apparently
healthy athletes. However, the rarity of complex
forms seems to be a consistent observation in var-
ious 24-hour ECG studies. Still, over the past

years there have been an increasing number of
articles reporting complex ventricular arrhyth-
mias, and even cases of unexpected sudden car-

diac death, probably of arrhythmic origin, in
trained athletes [14–16].

Clinical significance of premature ventricular

depolarizations

The question of life-threatening arrhythmias is

especially relevant when the athlete is diagnosed
to have an inherited genetic disorder (channelop-
athy) that may predispose to malignant ventricu-

lar arrhythmias [17–19]. For such reason, complex
forms of ventricular arrhythmias in athletes con-
tinue to be an intriguing and prognostic dilemma

for the cardiologists.
The following points summarize the most

controversial clinical aspects:

1. The prevalence of ventricular arrhythmias in
athletes without cardiovascular abnormali-

ties is extremely variable, and the complex
forms, such as idiopathic ventricular tachy-
cardia (right or left ventricular outflow tract
VT), appear to be very uncommon.

2. It is often difficult to identify a pathological
cardiac substrate as possible cause of the
rights reserved.
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arrhythmia, even with the help of a growing

number of noninvasive and invasive diagnos-
tic testing.

3. It is not always easy (and ethically controver-

sial) to suggests invasive tests, such as elec-
trophysiologic study, endomyocardial
biopsy, or coronary and ventricle angiogra-

phy to an asymptomatic athlete only for as-
sessing the origin and clinical significance of
frequent PVDs

4. Physical exercise and training may represent

a trigger for ominous ventricular tachyar-
rhythmias in athletes with underlying cardio-
vascular disease [20]

5. Long-term follow-up studies describing the
clinical significance of frequent and complex
ventricular arrhythmias in athletes are rare

[21]

Before considering PVDs (or complex ventric-

ular arrhythmias) as a benign expression of
cardiac adaptation to exercise, physicians should
search diligently for underlying structural heart

diseases, particularly coronary artery disease (in
adult individuals over 35 years old), right ventric-
ular dysplasia, congenital coronary anomalies,
hypertrophic or dilated cardiomyopathy, myocar-

ditis, and catecholaminergic polymorphic ventric-
ular tachycardia (in young individuals).

PVDs are reported to be associated with

cardiovascular abnormalities in about 7% of
athletes, but the likelihood of underlying cardiac
disease is higher in those athletes with greater than

2,000 PVDs per 24 hour period than in those with
less frequent PVDs (Fig. 1) [21]. Nevertheless, in
the author’s experience, over an 8-year follow-up

period the risk of sudden cardiac death was
exceedingly low (ie, 0.3%; annual mortality of
0.17%) [21].

Table 1

Prevalence of premature ventricular depolarizations on

24-hour Holter ECG monitoring in healthy athletes

Authors Ref. Year

Population

(n ¼)
PVDs

(%)

Complex

PVDs (%)

H.Paparo [11] 1981 32 6.2 0

Viitasalo [9] 1982 35 28 5.7

Talan [10] 1982 20 70 20

Palatini [12] 1985 20 70 25

Italian

Society of

Sports

Cardiology

[13] 1987 407 32 4.4
Assessment of premature ventricular

depolarizations

Investigations include medical history, both
personal history (palpitations, dyspnea or atypical

chest pain, dizziness, unusual fatigue, syncope,
and presyncope particularly if occurring during
exercise) and familial history (premature sudden

death in close relatives), physical examination, 12-
lead ECG, ambulatory ECG monitoring, echo-
cardiography, and exercise testing.

Frequent and complex PVDs on Holter, or an

increase in the frequency of PVDs during physical
exercise, as well as subjective palpitations or
symptoms of hemodynamic impairment, should

prompt a more extensive cardiovascular evalua-
tion, including cardiac magnetic resonance
(CMR), cardiac catheterization, or endomyocar-

dial biopsy, when appropriate. In fact, presence
of cardiovascular abnormalities, in particular of
the right ventricle origin, have been recently
demonstrated in association with ventricular ar-

rhythmias and were identified by performing
cardiac angiography, endomyocardial biopsy, or
cine-CMR [22,23]. However, the difficulty to cor-

rectly identify the arrhythmic substrate is exem-
plified by the fact that a more careful
morphologic evaluation of athletes with ventricu-

lar arrhythmias, in the absence of apparent heart
disease at usual noninvasive investigations,
showed the presence of focal thinning and fatty

replacements of the outflow tract, or functional
impairment of the right ventricle in athletes
versus control subjects [22]. This impairment

ARVC MVP MYOC DCM
0
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10

%

A (>2,000
PVDs) 
B (>100<2,000
PVDs) 
C (<100 PVDs)

Fig. 1. Prevalence of structural cardiovascular abnor-

malities in elite athletes with ventricular arrhythmias.

A ¼ Athletes with more than 2,000 PVDs and more

than 1 nonsustained ventricular tachycardia per

24 hour period; B ¼ Athletes with more than 100 but

fewer than 2,000 PVDs per 24 hour period; C ¼ Athletes

with fewer than 100 PVDs per 24 hour period. ARVC,

arrhythmogenic right ventricular cardiomyopathy;

MVP, mitral valve prolapse; MYOC, myocarditis;

DCM, dilated cardiomyopathy; PVDs, premature ven-

tricular depolarizations.
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was reflected in a significantly lower right ventric-
ular ejection fraction and outflow tract-shorten-
ing fraction. Such predilection of ventricular
arrhythmias for the right ventricle in athletes is

also documented by the morphology of the
PVDs, like left bundle branch block, frequently
associated with vertical axis. This morphology

commonly occurs also in athletes without cardio-
vascular abnormalities (ie, 70% of cases in the au-
thor’s experience) [21].

The differentiation between idiopathic and
pathologic ventricular arrhythmias is even more
relevant in athletes who show structural cardiac

adaptations and electrophysiologic changes as
part of the ‘‘athlete’s heart’’[24]. Some investiga-
tors suspect that endurance sports by itself may
lead to right ventricular structural enlargement

and possible electrical changes that might not
have developed without the activity [22]. Long-
lasting volume overload has been suggested as

the mechanism contributing to the development
of such right ventricular changes.

On the other hand, several studies, also in-

cluding CMR, concluded that regular and exten-
sive endurance training results in symmetric
changes in left and right ventricular dimensions

and volume, confirming the concept that the
athlete’s heart is a balanced, enlarged, and nor-
mally functioning heart [25]. Indeed, considering
the large number of athletes with ventricular ar-

rhythmias and their favorable clinical outcome,
it seems unlikely such rare genetic diseases or mi-
nor right ventricular abnormalities could be re-

sponsible for the large proportion of ventricular
arrhythmias observed in the athletes. Further-
more, recent advances in laboratory DNA analy-

sis have demonstrated a genetic basis for some
arrhythmogenic syndromes unassociated with
left ventricular hypertrophy (ie, long QT syn-
drome, Brugada syndrome, and catecholaminer-

gic polymorphic ventricular tachycardia). These
arrhythmias may be life threatening in young
adults in association with even recreational sports

activities. It is not possible, therefore, to defini-
tively exclude the possibility that such uncommon
genetic disorders represent a small proportion of

apparently healthy athletes presenting with ven-
tricular tachyarrhythmias.

Electrophysiologic (EP) study with pro-

grammed ventricular stimulation is generally
ineffective in athletes without cardiovascular ab-
normalities. In the 13 athletes with frequent and
complex ventricular arrhythmias of the author’s

previous investigation, either no arrhythmia or
only nonsustained responses were induced during
theEP test [21]. Thepredictive accuracyof this tech-
nique for future arrhythmic events is very low in the
apparently healthy athletic population, as com-

pared with patients with coronary artery disease.
However, EP study may be useful to assess the

arrhythmia’s mechanism in the prospective of

a catheter ablation [26]: there is evidence that re-
entry tachyarrhythmias confer a more ominous
prognosis when they occur in structurally abnor-

mal myocardium, and have the potential for
development of life-threatening arrhythmias. On
the other hand, automatic and unifocal arrhyth-

mias may be idiopathic and are usually clinically
benign [15]. Spontaneous ventricular tachycardia
with rates below 100 to 150 beats per minute are
generally focal and have a good prognosis in the

absence of underlying heart disease. Idiopathic
ventricular arrhythmias (as from right ventricular
outflow tract- origin or fascicular-VT) and some

other automatic VTs are amenable to radiofre-
quency catheter ablation, with a reasonable suc-
cess rate. The procedures, however, carry a small

risk of adverse effects (perforation, thrombo-em-
bolism among others), which should be clearly
discussed in advance with the athlete.

Signal-averaged electrocardiogram for detect-
ing the presence of ventricular late potentials
shows a low predictive value for future arrhythmic
events in trained athletes, but a higher prevalence

of late potentials in athletes with ventricular
tachyarrhythmias have been reported, as com-
pared with sedentary controls [27].

Work-up should also include a search for agents
that might enhance ventricular irritability, such as
use of excessive amounts of alcohol, illicit drugs, or

stimulants, particularly ephedrine and caffeine. In
female athletes, fluctuating levels of estrogen
hormones that occur during the menstrual cycle,
during pregnancy or menopause, or with birth

control pills, may cause PVDs to appear.

The impact of sports on ventricular arrhythmias

A crucial point is the role played by physical
exercise and training in the genesis of ventricular
arrhythmias and, therefore, whether exercise can

enhance the risk of arrhythmic cardiac arrest in
athletes. Corrado and colleagues [20] showed that
the risk for sudden death in young competitive

athletes with cardiovascular disease (mostly of
arrhythmic origin) was 2.5-fold greater than in
nonathletes. These data suggest that sports
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activity itself may act as a trigger for life-threaten-
ing ventricular tachyarrhythmias in susceptible in-
dividuals who have underlying, even silent

cardiovascular disease.
These findings are in agreement with results of

the author’s previous study on physical decondi-
tioning, in which it was observed that none of the

50 athletes with frequent and complex ventricular
arrhythmias (with or without cardiovascular
abnormalities) disqualified from training and

competition, experienced clinical events or cardiac
arrest in the follow-up and, on the contrary,
showed a marked reduction or even disappear-

ance of the PVDs (Fig. 2) [28]. Therefore, the
reduction or disappearance of ventricular arrhyth-
mias is a potential mechanism by which disquali-
fication from competitive sports may reduce the

risk for sudden cardiac death [6–8].
These data support the restriction from com-

petitive sport and intense exercise training in

athletes with frequent and complex ventricular
arrhythmias and structural heart disease, as stated
by current recommendations formanaging athletes

with arrhythmias [26,29–31]. Therefore, polymor-
phic and malignant ventricular tachycardia trig-
gered by intensive athletic conditioning should

raise suspicion and greater scrutiny for an underly-
ing inherited electrophysiologic disorder (such as
channelopathies), or an underlying structural
disease (such as arrhythmogenic right ventricular

dysplasia or hypertrophic cardiomyopathy).

Athletes with ventricular arrhythmias

and no cardiovascular abnormalities

The most difficult group, with regard to clinical
management, consists of athletes with frequent
and complex ventricular arrhythmias in the ab-

sence of structural heart disease. The author’s

0
20
40
60
80

100
120

%

PVDs COUPLETS NSVT

TRAINING
DECONDITIONING

Fig. 2. Reduction of ventricular tachyarrhythmias after

deconditioning. NSVT, nonsustained ventricular

tachycardia.
longitudinal follow-up data are persuasive in
supporting the view that ventricular tachyarrhyth-
mias appear benign and do not require alteration

in athletic lifestyle, in particular in athletes with
less than 2,000 PVDs per 24 hour period and no
episode of nonsustained ventricular tachycardia
[21]. It would appear that such arrhythmias in the

absence of underlying structural heart disease,
even in athletes subjected to the unique environ-
mental conditions and stress of intense sports

training and competition, do not convey an omi-
nous prognosis. If any, ventricular arrhythmias
in some athletes without apparent cardiovascular

abnormalities, would appear to represent another
expression of the autonomic nervous system
changes associated with the ‘‘athlete’s heart’’
(such as bradycardia or atrio-ventricular conduc-

tion disturbances).
Nevertheless, some investigators suspect that it

is not always possible to distinguish marked

myocardial changes, expression of a physiologic
adaptation to physical training, from those asso-
ciated with an early stage of cardiomyopathy

[16,22]. Such considerations appear of particular
relevance in the presence of frequent and complex
ventricular tachyarrhythmias. In particular, it is

not known whether myocardial hypertrophy in-
duced by exercise training may also induce cellular
electrical changes that represent a possible trigger
for ventricular arrhythmias in certain athletes,

potentially increasing their cardiovascular risk.
Although this relationship cannot be excluded in
any single athlete, a recent investigation shows

that left ventricular (LV) remodeling (ie, increase
in cavity dimension, wall thickness, and mass) is
not related to the presence and frequency of ven-

tricular arrhythmias in elite athletes free of cardio-
vascular abnormalities [32]. Paradoxically, trained
athletes with the smallest amount of LV remodel-
ing demonstrate a propensity to more frequent

ventricular arrhythmias. This observation makes
evident that training-induced myocardial hyper-
trophy does not convey, per se, an increased risk

for ventricular arrhythmogenesis. These data
were also supported by results of the previous
study performed in athletes with ventricular

tachyarrhythmias who underwent a period of de-
conditioning, which showed a similar decrease in
cardiac dimensions in athletes with and without

reversible ventricular arrhythmias [28].
These results are in contrast with the hypoth-

esis that cellular electrophysiologic changes
induced by cardiac hypertrophy were sufficient

to account for many of the abnormalities in the
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athlete’s ECG, including high-grade ventricular
ectopy [33]. According to this hypothesis, sudden
death in trained athletes (in the absence of demon-
strable heart disease) may be a direct consequence

of cardiac hypertrophy itself and abnormal repo-
larization behavior induced by hypertrophy. How-
ever, and most relevant, the tissue and cellular

changes characteristic of pathologic hypertrophy
are not the same of the exercise-induced hypertro-
phy. Recent findings in animal models with

myocardial hypertrophy have provided the molec-
ular basis for a concept, which favors the existence
of either compensatory or maladaptive forms of

hypertrophy [34]. To date, a few experimental
studies have been published describing changes in
specific current systems in myocytes isolated from
the hearts of animals subjected to exercise training.

These studies showed no changes in Calcium
(Ca2þ) current characteristics in trained animals
[35]. Further studies are required to assess the

changes in cellular electrophysiology, in particular
to define the detailed cellular mechanisms for
arrhythmias at a different stage of hypertrophy.

Therefore, other causes of arrhythmias, such as
autonomic nervous system or genetic changes,
should be examined to explain the reversibility of

ventricular arrhythmias after deconditioning.

Recommendations for sports participation

The recommendations regarding sports partic-

ipation of athletes with ventricular tachyarrhyth-
mias have been recently published [26,29–31]. In
athletes with these rhythm disturbances and evi-
dence of cardiovascular abnormalities, participa-

tion in sports is generally dependent on the
underlying cardiac condition. Participation in
sports is generally allowed and unrestricted in ath-

letes without cardiac disease or primary arrhyth-
mogenic conditions, without family history of
sudden death and symptoms, and when arrhyth-

mias are not related to exercise. Yearly follow-up
and revaluation is generally suggested for such
athletes [26,30]. In the majority of athletes with

frequent PVDs, deconditioning for 3 to 6 months
may result in a substantial decrease of arrhythmias,
thereby confirming the favorable prognosis.

Treatment

Athletes without cardiovascular abnormalities

Usually, only ventricular tachyarrhythmias
associated with normal hearts are currently
curable. However, frequent and complex ventric-
ular ectopy, in the absence of underlying struc-
tural heart disease, is generally of benign nature
and does not need drug therapy. If arrhythmic

symptoms (ie, palpitations) cannot be controlled
by deconditioning, then drug therapy in form of
beta-blockade or calcium channel blockade may

be considered. However, the use of beta-blockade
is not permitted in the majority of sports (those
drugs are included in the World Anti-Doping

Agency list of doping substances). Alternatives to
beta-blockade include calcium channel blockade
in the form of diltiazem or verapamil. In the case

of isolated right ventricular outflow tachycardia,
easily inducible by electrophysiologic testing,
especially with the use of isoproterenol, radio-
frequency ablation can be indicated [36]. Return

to competitive sport is usually allowed after at
least one month from successful ablation, pro-
vided that arrhythmia is not more inducible after

the ablation procedure.

Athletes with cardiovascular abnormalities

In patients with underlying structural heart
disease, the cure is addressed to the primary
cardiac condition. In fact, radiofrequency abla-

tion of ventricular arrhythmias in the presence of
heart disease does not guarantee a protection
against sudden cardiac death. In patients with
heart disease (such as coronary artery disease,

hypertrophic cardiomyopathy, arrhythmogenic
right ventricular dysplasia, channelopathies, and
others) several strategies have been developed and

include surgery, beta-blockers, antiarrhythmic
agents, permanent pacemakers, radiofrequency
ablation, and implantable cardioverter defibrilla-

tors (ICDs). Restriction from competitive sports is
recommended for athletes with heart disease and
syncope, in particular during exercise, or resusci-

tated sudden cardiac death. In the individual with
ventricular arrhythmias and idiopathic cardiomy-
opathy, beta-blockers and angiotensin-converting
enzyme inhibitors lower the risk of all cause

mortality and sudden death and should be pre-
scribed in all patients. In patients with coronary
artery disease and ventricular arrhythmias, ICDs

give the best protection against sudden death [37].

Summary

In conclusion, premature ventricular depolar-
izations in trained athletes are generally of benign
nature and, if there is no evidence of underlying
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structural heart disease, they are generally not
treated with drug therapy and should not be
viewed as an obstacle for participation in athletic

training and competition.
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Syncope is defined as transient loss of con-
sciousness accompanied by loss of postural tone.
Episodes are typically brief, but can last up to

several minutes in some individuals. In these
prolonged episodes of syncope, cardiopulmonary
resuscitation could be performed by an astute

observer. The individual then awakens, not sec-
ondary to cardiopulmonary resuscitation but to
the spontaneous resumption of blood pressure

[1,2]. Presyncope is described as a feeling of light-
headedness that nearly causes collapse, while diz-
ziness is a less well defined symptom that can be

characterized by any sort of abnormal sensation
in the head or body.

Syncope in the setting of exercise may be
secondary to underlying cardiac disease and thus

predictive of sudden cardiac death (SCD). In
a retrospective study of all sudden, nontraumatic
deaths occurring over a period of 12 years in

young Israeli soldiers (n ¼ 44, age range 17–22
years), it was found that 23% had experienced at
least one episode of syncope before death. The

syncopal events occurred between 1 hour and 4
years before death. In 16%, the syncopal episode
had occurred during exercise [3]. Maron and
colleagues [4] reported an incidence of syncope

or presyncope of 17% in a cohort of 29 young
athletes who subsequently died suddenly.

In general, a competitive athlete is defined as

one who participates in a sport requiring system-
atic training and regular competition against
others, either on an individual basis or in an

organized team [5,6]. It has been noted that an
important facet of this group of individuals is
the low likelihood of termination of exercise in
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the face of warning symptoms (such as presyncope
or syncope), either because of the pressure of
organized athletic competition, or because of an

inability to consider the relevance of these
symptoms.

Incidence

In the general population, syncope is seen in up
to 40% over a lifetime. The authors have had little
information on the incidence in the athlete until

recently, when data from the Italian screening
programs have become available. In this recent
series, Colivicchi and colleagues reported on 7568

athletes screened for athletic participation [7]. In
these, 474 (6.2%) reported a syncopal spell in
the preceding 5 years. Syncope was unrelated to

exercise in 87.7%, postexertional in 12.0%, and
exertional in 1.3%. In subsequent follow-up,
those with a prior history of syncope had a recur-
rence of 20 per 1000 subject-years, while those

without a prior history of syncope had an occur-
rence of 2.2 per 1000 subject-years.

Risks of exercise

Although the long-term benefit of exercise has

been shown to decrease the mortality of a number
of diseases, this beneficial effect does not come
without some acute risk. A number of investiga-

tors have shown that there is an increased risk of
sudden death in athletes with underlying cardio-
vascular disease, including the young [8–11]. Dur-

ing exercise, mechanisms for the increased risk of
sudden death include plaque rupture, caused by
shear stress, and subsequent coronary thrombosis,

increased arrhythmias caused by the increased
work load of the heart and circulating catechol-
amines, and rupture of the great vessels [12,13].
ights reserved.
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Workup of the athlete with syncope

The athlete with syncope presents a unique
challenge to the physician. Syncope in young

individuals is usually benign; however, syncope
can be a warning of impending SCD, especially in
those with diagnosed or undiagnosed heart dis-
ease [14–17]. The etiology of syncope in these

young healthy individuals ranges from benign
neurocardiogenic syncope to nonsustained life-
threatening arrhythmias. In these individuals, in

whom most will have benign causes of syncope,
it is critically important to identify those who
may be at risk of a life-threatening disorder.

Presence of structural heart disease

As in the nonathlete, patients with no organic
heart disease are at a low risk of sudden death. By

contrast, the presence of structural heart disease is
associated with an increased risk of sudden death.
Thus, in the athlete with syncope, an echocardio-

gram is necessary in all but the most classic neuro-
cardiogenic syndromes. In most North American
series on sudden death in the young athlete,
hypertrophic cardiomyopathy and anomalous

coronary arteries are the most common underlying
heart disease [16]. However, the experience in Italy
is that arrhythmogenic right ventricular dysplasia

(ARVD) is the most common underlying organic
heart disease [18,19]. In general, it appears that
those young patients with hypertrophic cardiomy-

opathy, ARVD, and anomalous origin of the
coronary arteries are at the highest risk of life-
threatening arrhythmias. Ventricular arrhythmias

in the setting of congenital heart disease, such as
Ebstein’s anomaly, tetralogy of Fallot, and other
stenotic or regurgitant valvular heart disease also
indicates a higher risk of life-threatening arrhyth-

mic events in the athlete [20]. Idiopathic dilated
cardiomyopathy and acute myocarditis are also
rare causes of sudden death. Understanding of

commotio cordis has increased in the recent years,
and it is presently the second leading cause of sud-
den death in athletes [16,21,22]. As the athlete ages,

coronary artery disease becomes more common
and accounts for a higher prevalence of heart
disease. In the athlete over 30 years old, coronary
artery disease is the underlying disease in up to

80% of patients.

History

The history in the evaluation of the athlete
with symptoms of syncope or presyncope is
paramount in the diagnosis (Table 1) [2,23–25].
Syncope or presyncope that occur during exertion
are more likely to be life-threatening than those
that occur at rest [18,20,26]. The Reggie Lewis

death focused interest on exercise-induced neuro-
cardiogenic syncope and several series of potential
cases were published [27–30]. However, based on

careful reading of these series and new data
from Colivicchi [7], what is called exercise-induced
neurocardiogenic syncope is in fact syncope that
occurs after exercise or during pauses in exertion

(ie, time outs or shooting foul shots). Postexer-
tional syncope (such as standing at a foul line or
during a time out) is not likely to be life-threaten-

ing, but is likely to be caused by vasodilatation
and corresponding hypotension [7,31,32]. In one
of the few epidemiologic series of syncope in ath-

letes, Colivicchi reported that of 7,568 athletes
screened in the Italian screening program, 474
reported syncope in the prior 5 years. In those
who had syncope unrelated to exertion (86.7%),

the diagnosis was either vasovagal or situational.
In those who had syncope in association with
exertion, the syncope was postexertional in 12%;

cardiac workup was normal and in follow-up no
sudden death occurred. However in those with syn-
cope during exertion (n¼ 6, or 1.3%) hypertrophic

cardiomyopathy and right ventricular ventricular
tachycardia were seen in one each, while the
remaining four had neurally-mediated syncope [7].

Syncope without prodromal symptoms is more
troubling than a gradual onset of syncope. Syn-
cope that occurs only with upright posture is less

Table 1

Clinical characteristics helpful in differentiating arrhyth-

mic from nonarrhythmic syncope

Neurocardiogenic

or nonarrhythmic Arrhythmic

Prodrome Lightheadedness,

warmth, nausea

None or brief

lightheadedness

Number of

episodes

Multiple Few or one

Situational

factors

Fear, fright,

upright posture

Exertional,

unrelated to

posture

Post syncopal

symptoms

Frequently fatigue Usually none

Injury Unusual Common

Underlying

heart

disease

Unusual Common

Data from Link MS, Wang PJ, Estes NA III.

Ventricular arrhythmias in the athlete. Curr Opin Cardiol

2001;16:33.
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likely to be arrhythmic than that occurring during
sitting or lying down. Syncope with clear and
reproducible triggers of stress, excitement, or fear
is more likely to be neurocardiogenic than

arrhythmic. Injury secondary to syncope is more
often seen in arrhythmic disorders and rarely seen
in neurocardiogenic syncope, in which individuals

often ‘‘slump’’ to the floor and thus are able to
break their fall with their arms. Frequent episodes
of presyncope and lightheadedness are less likely

to be arrhythmic in origin than occasional
episodes of syncope. Note should also be made
of a family medical history of sudden death,

especially at an early age. In individuals with
this family history, syncope is more concerning in
that it may be a harbinger of an inherited life-
threatening cardiac condition.

In an athlete with symptoms consistent with
ventricular arrhythmias (sudden onset, injury
associated with syncope, exertionally related

symptoms) a full evaluation is usually necessary
[32]. In an athlete with symptoms suggestive of
less serious conditions, such as dehydration,

postexertional, or neurally mediated syncope
(premonitory symptoms, gradual onset of syn-
cope, frequent symptoms, nonexertional symp-

toms, orthostatic symptoms) little or no further
evaluation may be needed. Because many of the
structural heart diseases associated with sudden
death are genetic in origin, athletes with a family

history of early SCD require a thorough workup.

Electrocardiogram and loop monitoring

It is well recognized that abnormal ECGs are

common in athletes (Table 2) [33,34]. The spectrum
of abnormalities includes sinus bradycardia,
first- and second-degree heart block, early repolar-

ization, left ventricular hypertrophy, and T-wave
inversion [35–37]. However, certain ECG abnor-
malities are associated with heart disease and an

increased risk of life-threatening arrhythmias.
These abnormalities include the pseudo-infarct
pattern seen in hypertrophic cardiomyopathy
(septal Q-waves) and Wolff-Parkinson-White

syndrome (inferior Q-waves) [4,33,38]. ARVD
patients typically have precordial T-wave inver-
sion. In addition, these patients occasionally pos-

sess right ventricular conduction delays with
a characteristic late depolarization of the right ven-
tricle, known as the epsilon wave, or even complete

right bundle branch block [39,40]. Long QT syn-
drome patients are diagnosed almost solely by
ECG criteria [41–43].
Long-term ECG monitoring with Holter
monitors can be useful in those patients with

frequent or reproducible symptoms. Athletes with
intermittent symptoms are best evaluated with a
continuous loop monitor. These monitors contin-

uously record a 1- to 3-minute segment of a surface
electrocardiogram, and with activation by
a button on the loop monitor the tape is frozen
and the previous few minutes of the event are

recorded.

Table 2

Electrocardiographic abnormalities found in various

disease states

Diagnosis of heart disease ECG abnormalities

Arrhythmogenic right

ventricular dysplasia

T-wave inversions

anteriorly

Epsilon wave

RBBB (complete or

incomplete)

Rarely normal

Hypertrophic

cardiomyopathy

Left ventricular

hypertrophy

Pseudoinfarct with

Q-waves anteriorly

Rarely normal

Idiopathic dilated

cardiomyopathy

LBBB

Prolonged QT

Can be normal

Long QT syndrome Prolonged QT

Abnormal appearance

of ST segment

Brugada syndrome RBBB (complete or

incomplete)

ST elevation

anteriorly

Changes can vary

with time

Anomalous coronary

artery

Typically no

abnormalities

Coronary artery disease Typically no

abnormalities

Q-waves

ST segment

abnormalities

Wolff-Parkinson-White

syndrome

Short PR interval

Delta waves

Pseudoinfarct patterns

Data from Link MS, Wang PJ, Estes NA III.

Ventricular arrhythmias in the athlete. Curr Opin Cardiol

2001;16:35.
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Tilt-table testing

While tilt-table testing may not specifically
identify the cause of syncope, this modality may
determine an exaggerated susceptibility to normal

reflex events leading to syncope. However, con-
troversy remains regarding the sensitivity and
specificity of tilt-table testing, with particular
unease surrounding its use in athletes. Estimates

of the accuracy of tilt testing have ranged between
30% and 80% [44,45]. In persons with neurocar-
diogenic syncope, up to 80% may have an abnor-

mal result [45]. Concern over the broader use of
tilt testing in athletes with an undefined cause
for their syncope has centered around the obser-

vation that orthostatic stress may cause a positive
result in athletes with no clinical history of syn-
cope [45]. These false positive results may conceal
other, more serious causes of syncope. Thus, there

are mixed recommendations regarding tilt-table
testing, ranging from advocating avoidance of
tilt-table testing in athletes, to warning that the

diagnostic ability of tilt testing is limited, to en-
dorsing the use of this modality if the diagnosis
of neurocardiogenic syncope is likely [44,46].

Results of tilt-table testing should thus not be
solely relied upon to make a diagnosis.

Electrophysiologic observations

As in nonathletic populations, selected indi-
viduals with syncope should undergo an electro-

physiologic evaluation (Table 3) [1,47]. Selection
criteria are not always agreed upon; however, in
general, if there is concern about supraventricular

or ventricular tachyarrhythmias, invasive electro-
physiologic testing should be performed. The elec-
trophysiologic evaluation is of limited value in the

assessment of bradyarrhythmias because of the
poor sensitivity of the test. Specificity in the ath-
lete may also be poor because of the influence of

the high vagal tone seen in athletes.
The sensitivity and specificity of the electro-

physiologic evaluation for supraventricular tachy-
arrhythmias are high. Underlying substrate for

atrioventricular (AV) nodal re-entrant tachycar-
dia and AV re-entrant tachycardias (those seen in
Wolff-Parkinson-White syndrome) are readily

diagnosed. In addition, induction of arrhythmia
is generally accomplished in AV nodal re-entrant
tachycardia, AV re-entrant tachycardia, and atrial

tachycardia. Isoproterenol may be needed to
facilitate induction. In the setting of an accessory
bypass tract, it is important to assess for sudden
death risk. If the conduction through the acces-
sory pathway is very rapid, the risk of ventricular
fibrillation may be high [48]. Ability to conduct at

heart rates of 240 or greater are thought to put the
patient at an increased risk of sudden death, and
ablation is recommended for these individuals
[49–51].

Ventricular stimulation is of use primarily in
those with scar related ventricular tachycardia,
such as those patients with prior myocardial

infarctions and possibly ARVD. In patients with
coronary artery disease, ventricular stimulation is
of reasonably high sensitivity (90%–95%) [52,53]

and specificity (95% for induced monomorphic
ventricular tachycardia) [53]. However, the signif-
icance of induced nonsustained ventricular tachy-
cardia and ventricular fibrillation is less well

established [54]. In patients with arrhythmogenic
right ventricular dysplasia, the sensitivity of
ventricular stimulation was thought to be 70%

to 80% [55]; however, more recent data has sug-
gested that ventricular stimulation may not be as
useful as previously thought [56].

Unfortunately, the sensitivity and specificity of
ventricular stimulation is low in patients with
hypertrophic cardiomyopathy, idiopathic dilated

cardiomyopathy, long QT syndrome, and congen-
ital heart disease [57], diseases which are the most
common in young individuals dying suddenly.

Table 3

Value of programmed stimulation in patients with

spontaneous sustained ventricular tachycardia

Condition Sensitivity Specificity

Normal heart þ þþþ
HCM þ þ
CAD þþþþ þþþþ
Anomalous CAD No utility No utility

ARVD þþþ þþþ
LQTS No utility No utility

IDCM þ þ
Idiopathic LV VT þþþ þþþ
Idiopathic RV VT þþþ þþþ
þ-poor utility; þþ-fair utility; þþþ-good utility;

þþþþ-excellent utility.
ARVD, arrhythmogenic right ventricular dysplasia;

CAD, coronary artery disease; HCM, hypertrophic

cardiomyopathy; IDCM, idiopathic cardiomyopathy;

LQTS, long QT syndrome; LV, left ventricle; RV, right

ventricle; VT, ventricular tachycardia.

Data from Link MS, Estes NAM. Ventricular

arrhythmias. In: Estes NAM, Salem DN, Wang PJ,

editors. Sudden Cardiac Death in the Athlete. Futura

Publishing Co., Armonk, NY, 1998. p. 258.
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Causes and treatment of the athlete with syncope

Neurally mediated syncope

Neurocardiogenic syncope is the most com-
mon cause of syncope in the young individual.

This disorder is characterized by occurring during
upright posture, frequent situational triggers, and
premonitory symptoms of warmth, lightheaded-
ness, palpitations, sweating, and pallor. Loss of

consciousness occurs over 5 to 10 seconds, often
causing ‘‘slumping,’’ although some episodes may
be quite abrupt. Patients typically regain con-

sciousness rapidly, but feelings of fatigue con-
tinue. More recently, it has become appreciated
that neurocardiogenic syncope is but one of

several neurally mediated syncope disorders, the
others of which are autonomic failure, postural
orthostatic tachycardia syndrome, and cerebral
vasoconstrictive syncope [46,58,59].

The approach to the treatment of neurocardio-
genic syncope is multifaceted. Initially all individ-
uals should be advised to stay well hydrated and

to liberalize their use of salt, even ingesting salt
tablets if they do not wish to increase the salt
content of their diet. Tilt training is a technique

that has been demonstrated in some studies to be
efficacious in the treatment of neurocardiogenic
syncope [60]. In this modality, individuals are

taught to stand upright for 20 to 40 minutes
a day in an effort to cause presyncope. In the
athlete and young individual these nonpharmaco-
logic approaches should initially be used with only

those failing the more conservative measures.
Pharmacological approaches to neurocardiogenic
syncope have to this point only rarely been evalu-

ated in randomized controlled trials, and in those
trials they have generally been disappointing [46].
If pharmacologic therapy is necessary, the best

data to support their use is with selective seroto-
nin uptake inhibitors and midodrine [46]. Pacing
therapy should be considered for those with
particularly malignant syncope that has a marked
negative chronotropic component (Fig. 1) [61].
Because neurocardiogenic syncope is not life

threatening, and because it is unlikely to occur
during exertion, athletes are not prevented from
sporting activities.

Bradyarrhythmias

Bradyarrhythmias that cause syncope are
generally acute in onset and can cause injury.
However, bradycardia is common in the athlete,
especially at rest, and rarely causes syncope.

According to the Bethesda Conference guidelines,
athletes with first degree or Mobitz I heart block,
which does not worsen with exercise, do not need

treatment or restriction of competitive athletics
[6,62]. However, athletes with Mobitz II or com-
plete heart block generally require pacing. Indi-

viduals with congenital heart block, while
possessing an adequate escape early in life, will
benefit from pacing as they age. Those athletes

with permanent pacemakers should not partici-
pate in competitive athletics with a danger of
bodily collision [6,62].

Supraventricular arrhythmias

Supraventricular arrhythmias rarely cause

syncope and more commonly cause palpitations
and lightheadedness (Fig. 2). Treatment of supra-
ventricular arrhythmias can be accomplished with
beta-blocking agents, calcium channel blocking

agents, digoxin, antiarrhythmic agents, and abla-
tive procedures. Beta-blockers can be effective in
many patients; however, they are banned in some

competitive sports and many young patients have
intolerable side effects. Antiarrhythmic agents are
effective in many supraventricular tachyarrhyth-

mias, but concern about proarrhythmias and
Fig. 1. Electrogram of a 23-year-old male in the recovery stage of a stress test. The patient had 13 episodes of exertional

and postexertion syncope. During the recovery stage of the stress test he had a syncopal event and 30 seconds of asystole.

A diagnosis of malignant neurocardiogenic syncope was made. A tilt-table test was also positive. Because of the

profound asystole, he was treated with a permanent pacemaker.
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Fig. 2. Loop monitor recording of a 20-year-old female who, during basketball games, would have sudden onset of

palpitations, lightheadedness, and fatigue, limiting but not eliminating her ability to play ball. Her coaches thought

that she wasn’t trying hard enough, until this loop monitor documented a narrow complex tachycardia that was the

cause of her symptoms. At an invasive electrophysiologic evaluation she was found to have AV nodal reentrant

tachycardia which was successfully ablated.
long-term use limit their use in this young patient
cohort. The two most common supraventricular

arrhythmias (AV nodal reentrant tachycardia and
Wolff-Parkinson-White syndrome) are usually
readily cured with radiofrequency ablation. This
procedure can be accomplished with low morbid-

ity, and in the young athlete radiofrequency abla-
tion should be considered as initial treatment.
According to the Bethesda Conference guidelines,

athletes with radiofrequency cure of supraventricu-
lar tachycardias can resume competitive athletics
after 4 weeks [6,62].

Ventricular arrhythmias

Ventricular arrhythmias typically cause acute
syncope without preceding symptoms. Yet, some
individuals will not have loss of consciousness,
but palpitations and lightheadedness. These

arrhythmias are most likely to occur during
peak exertion. Only ventricular tachyarrhythmias
associated with normal hearts are currently

curable. In these patients without structural heart
disease, cure rates with radiofrequency ablation
approach 90%, with a low incidence of compli-

cations [63]. On the other hand, in patients
with underlying structural heart disease, cure of
the underlying disease and thus of their
predisposition to ventricular arrhythmias is un-
likely. Radiofrequency ablation in ventricular ar-

rhythmias in the presence of heart disease
cannot be relied upon to protect against sudden
death. According to the Bethesda Conference,
only low intensity competitive athletics is permit-

ted in athletes with structural heart disease and
sustained ventricular arrhythmias, without regard
to the method of treatment [62].

In the patient with hypertrophic cardiomyop-
athy, several strategies have been developed and
include surgery, beta-blockers, antiarrhythmic

agents, permanent pacemakers, and implantable
cardioverter defibrillators (ICDs). Implantation of
the ICD is the surest way to prevent sudden
cardiac death (Fig. 3) [64]. In those athletes with

hypertrophic cardiomyopathy that survive sudden
death an ICD should be offered. In others thought
to be at high risk based on family medical history

of sudden death, personal history of syncope,
massively thick septum, nonsustained ventricular
tachycardia, or a hypotensive response to exercise,

an ICD may be appropriate. In those patients
with a lower risk of sudden death an ICD is an
option, but not universally agreed upon. In most

individuals with hypertrophic cardiomyopathy,
competitive athletics should be prohibited and
beta-blockers should be prescribed [65].
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Fig. 3. Initiation (A) and termination (B) of ventricular fibrillation in a 9-year-old boy with hypertrophic cardiomyop-

athy and an ICD. He presented 3 months earlier with syncope during a school gym class and was found to have

hypertrophic cardiomyopathy. Because of the syncope and hypertrophic cardiomyopathy, an ICD was recommended

and placed. This current episode also caused syncope and the ICD promptly defibrillated him.
ARVD is likely a progressive disease; thus
treatments effective at one point may become

ineffective later in time [66]. Radiofrequency
ablation is rarely curative [67]. Sotalol and amio-
darone may decrease the frequency of arrhyth-
mias. Current opinions of the optimal treatment

of these patients vary, but in those of sufficiently
high risk for sudden death an ICD should be con-
sidered [68]. Moderate and high level competitive

athletics are contraindicated, in view of the fre-
quent provocation of arrhythmias with exercise
[6,62].

Patients with the long QT syndrome should be
placed on beta-blockers. In those with recurrent
syncope on beta-blockers, or those thought to be

at high risk of SCD, an ICD is warranted [69–71].
Restriction from competitive sports is recommen-
ded for those with syncope or resuscitated SCD,
and for those with QTC above 470 in males and
480 in females [62].

In the individual with idiopathic cardiomyop-
athy, beta-blockers and angiotensin-converting
enzyme inhibitors lower the risk of all cause
mortality and sudden death and should be pre-

scribed to all patients. Generally, individuals with
idiopathic cardiomyopathy with left ventricular
ejection fractions less than or equal to 35% should

be treated with an ICD [72,73]. In patients with
idiopathic cardiomyopathy and a prior spontane-
ous sustained ventricular arrhythmia, competitive

athletics of moderate or high intensity should be
avoided [6,62].

In patients with coronary artery disease and

ventricular arrhythmias, ICDs offer the best
protection against sudden death [74]. In addition,
individuals with coronary artery disease and left
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ventricular ejection fractions less than or equal to
35%, an ICD should be offered [73,75]. In athletes
with coronary artery disease and ventricular

arrhythmias, only low intensity competitive ath-
letics are permitted [6,62].

The Brugada syndrome, a specific genetic
abnormality of the SCN5A channel, may cause

syncope and sudden death in young individuals
[76]. Individuals are diagnosed by abnormal
12-lead ECGs in which incomplete right bundle

branch blocks and ST-segment elevations are
seen in the precordial leads. Symptomatic patients
(ie, syncope or resuscitated sudden death) with the

Brugada syndrome should be treated with ICDs;
however, the treatment of asymptomatic individ-
uals with Brugada syndrome is controversial
[76]. Because of the potential for SCD and the

lack of data regarding exertion and Brugada Syn-
drome, for the current time competitive athletics
are not recommended [62].

Summary

Athletes with syncope warrant a full evalua-
tion. These athletes may suffer from neurocardio-

genic syncope, the most common cause of syncope
in the young. In this case their prognosis is
excellent and they can continue to compete.
However, it is also possible that athletics may

unmask heart disease, either structural or elec-
trical, and these athletes may be at risk of sudden
cardiac death. The workup and treatment of

syncope in the athlete offers some unique chal-
lenges: to diagnose potentially life-threatening
arrhythmias, to avoid pharmacological therapy,

and to maximize ability to play. Radiofrequency
ablation should be offered to those athletes with
conditions in which a cure is possible. Restriction
of competitive athletics is necessary for those with

life threatening conditions while those with benign
conditions can continue to compete.
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Over the last decade implantable cardioverter

defibrillators (ICD) have become accepted ther-
apy in patients with ventricular arrhythmias. They
can be used for secondary prophylaxis, such as

after a prior cardiac arrest caused by ventricular
fibrillation (VF), or in patients who have de-
veloped a sustained ventricular tachycardia (VT)
with hemodynamic compromise. They are also

used progressively more often for primary pro-
phylactic indications, as in patients with left
ventricular systolic dysfunction or inherited car-

diomyopathies with increased risk for sudden
death. Also, in athletic and physically active
young people, ICDs can be applied for secondary

or primary prophylaxis. Their use in this patient
group, however, implies some specific consider-
ations, which form the subject of this article.

Indications for ICD therapy in athletes

The indications for ICD therapy in general

have been extensively reviewed in recently up-
dated American College of Cardiology/American
Heart Association Task Force and the European

Society of Cardiology guidelines on the manage-
ment of patients with ventricular arrhythmia [1].
Their use in athletes has also been outlined in
North American and European guidelines [2–4].
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More recent recommendations have described

ICD indications in patients performing leisure
time physical activity [5].

In most athletes treated with an ICD, un-

derlying structural heart disease or an inherited
channelopathy (like the long QT syndrome) is
present. However, this underlying etiology may
not have been overt before. Intensive exertion

may trigger ventricular arrhythmias at a time
when no other symptoms of the underlying
pathology are obvious. Therefore, documented

ventricular arrhythmias during regular follow-up
of athletes, or revealed after more thorough
cardiovascular evaluation for aspecific symptoms

(such as exertional dizziness, shortness of breath,
or syncope), should prompt a careful assessment.
Long-term ECG recordings (by Holter or event

recorder) may show frequent ventricular ectopy or
nonsustained ventricular tachycardia. Imaging
techniques such as echocardiography, cardiac
magnetic resonance imaging, nuclear scintigra-

phy, or coronary angiography may reveal un-
derlying dilated, hypertrophic or right ventricular
cardiomyopathy, valve disease, or atherosclerotic

heart disease. Further electrophysiological work-
up is often required, and can include a signal
averaged ECG (to detect late potentials) or even

an invasive electrophysiological study in some. In
addition, the baseline ECG may reveal important
underlying causes (hypertrophic cardiomyopathy,
arrhythmogenic right ventricular cardiomyopa-

thy, long QT syndrome, short QT syndrome, or
Brugada-syndrome) and has therefore been rec-
ommended as part of regular screening of athletes

[6]. When no causal therapy is available to prevent
arrhythmia recurrences (as is often the case), and
when the risk of a potentially life-threatening
ights reserved.
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arrhythmia is estimated to be high, implantation
of an ICD is warranted.

Because of more widespread screening in

family members with inherited arrhythmogenic
conditions (channelopathies or cardiomyopathies)
and the rapid progress in genotypic identification
of silent mutation carriers, the group of young

and physically active patients eligible for primary
ICD implantation is rapidly growing. The ratio-
nale for this is that the first symptomatic mani-

festation of the hereditary disease may be sudden
death, and that exertion often plays a triggering
role.

Device selection and implantation

For detection of life-threatening ventricular
arrhythmias, ICDs rely mainly on the rate in-
formation of a right ventricular (RV) electrode. In

many patients, implantation is performed with
only a single RV lead (single-chamber ICD or
VVI-ICD). Different rate zones can be pro-

grammed and therapies specified for these differ-
ent zones. For the fastest rate, considered as the
VF-rate zone by the ICD, shock therapy is

programmed (and in some modern devices a single
antitachypacing protocol during charging of the
ICD). While in many elderly ICD recipients the

threshold for this VF zone may be around 180
beats per minute (bpm), the active lifestyle of
younger patients may require elevation of the
threshold to more than 200 bpm. Accurate

detection of fast ventricular rates depends on
good sensing signals, which are of even more
importance in this patient population and should

be critically assessed during lead implantation.
Most devices can deliver a maximal energy of

30 J to 35 J to terminate VF. Although defibrilla-

tion can usually be achieved with 8 J to 12 J
(defibrillation threshold), a safety margin of at
least 10 J has to be programmed; therefore, during

implantation the defibrillation threshold is deter-
mined. Shocks of more than a few joules are
always painful. Hence, programming of the ICD
will aim to prevent shocks by programming

antitachycardia pacing whenever possible for
slower and regular rates (VT zones). A train of
pacing stimuli, well timed in relation to the

spontaneous arrhythmia, is able to terminate the
arrhythmia in an almost asymptomatic way in
many patients. Electrophysiologic evaluation

before implantation can help to determine the
rate and type of spontaneous or inducible arrhyth-
mias and whether they are pace-terminable or not.
It has been shown that even for ventricular rates
up to 250 bpm, empirical programming of rapid
antitachypacing may lead to arrhythmia termina-

tion in 72% [7].
When slower VTs are present, their detection

may overlap with the sinus rates during exertion
in young active patients. Therefore, additional

discrimination between VT and sinus tachycardia
may be required to prevent inappropriate anti-
tachypacing or shocks. Some have advocated the

implantation of a dual chamber ICD (ie, with an
atrial plus a ventricular lead or DDD-ICD) in
such cases, with the expectation that atrial electro-

gram information may increase the specificity of
arrhythmia detection. However, this is rarely
relevant in athletic patients. Even when they
present with slow VT (which is less prevalent

than in the more general coronary heart disease
ICD population), these VTs may develop during
exertion and sinus tachycardia. This may lead to

inappropriate withholding of therapy (ie, de-
creased specificity). Moreover, dual chamber al-
gorithms in modern ICD will opt to deliver

ventricular therapy irrespective of the observed
atrial rate in most cases (Fig. 1). Studies have
shown that DDD-ICDs do not lead to a significant

decreased incidence of inappropriate ICD therapy
versus VVI-devices [8,9]. The algorithms based on
comparison of atrial and ventricular rates and
timing intervals are very complex, are different

among different ICD manufactures, and are cur-
rently largely inaccessible for programming by
the physicians (black box design). Although

some smaller studies have suggested superiority
of one algorithm over another, no large-scale
prospective trials are available, although one is

ongoing [10]. Therefore, at present no formal
recommendations can be given on which DDD-
device would be best suited in an athletic popula-
tion. However, there may be other indications as

to when to opt for a dual chamber ICD:

Rare patients may have a concomitant bra-

dyarrhythmia indication, although sinus
bradycardia is physiologic in most athletes
and atrioventricular (AV) block is very rare.

When bradycardic agents are needed for
prevention of inappropriate shocks (as dis-
cussed below), symptomatic bradycardia

could be anticipated.
Atrial pacing may prevent atrial or ventricular

arrhythmias, as in patients with concomitant
atrial fibrillation and especially in patients

with the long QT syndrome.
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Fig. 1. Inappropriate shock delivery by a DDD-ICD despite sinus rhythm detection on the atrial lead. This young pa-

tient developed T-wave oversensing and double counting during moderate physical activity and with a sinus rate of 110/

min. Despite unambiguous sensing of this sinus rhythm in the atrial channel, the fast mean ventricular rate led to (in-

appropriate) detection of VF and shock delivery (in the T-wave, with induction of a nonsustained slow ventricular

arrhythmia).
Some patients with hypertrophic obstructive
cardiomyopathy may have lower outflow

gradients during AV sequential pacing with
short AV intervals.

An extra atrial lead to the defibrillator config-
uration adds complexity during implant and
follow-up. Large trials have clearly shown a higher
incidence of early and late postoperative compli-

cations in dual-chamber devices [11]. This is an es-
pecially important consideration in a young
patient group, such as athletes. No data are avail-

able for long-term follow-up, but many patients
will require replacement of the original ventricular
ICD lead. Ventricular ICD leads are much more

complex than traditional pacing leads (because
of additional conductors for one or two shock
coils and the high voltages delivered) and may
fail after 5 to 15 years [12,13]. Multiple leads

may also result in subclavian vein thrombosis. If
fewer leads are implanted during the initial proce-
dure at a young age, extraction or placement of

additional leads will be less indicated and less
complicated, thus reducing morbidity (and mor-
tality) in the longer term. All these considerations

should be carefully weighted when selecting the
proper ICD device for implantation in a young
athletic patient. The above argument indicates

that in many young patients a simple VVI-device
may suffice, unless there are specific reasons for
implantation of an atrial lead.
Finally, cardiac resynchronization therapy
(CRT) ICDs (ie, devices with a third left ventric-

ular electrode in addition to an atrial and right
ventricular electrode) have no indication in phys-
ically active or athletic patients. They are im-

planted in patients with symptoms of heart failure
which, because of this clinical situation, prohibits
moderate to intense recreational or competitive
sports. There may be a trend during the coming

years to implant CRT devices at earlier stages of
left ventricular dysfunction (ie, before heart
failure symptoms emerge). Moreover, patients

with CRT-ICD often participate in rehabilitation
programs and recreational sports activity.

Since the ICD housingdor candacts as one of

the electrodes to defibrillate the heart with high-
voltage shocks, implantation of an ICD needs to
be mandatory at the left infraclavicular region so
that the heart is located between the can and the

RV shock coil. To prevent lead fracture, extreme
ipsilateral arm movements should be avoided,
such as during volleyball, basketball, tennis,

racket sports, handball, swimming, gymnastics,
or ballet. Moreover, such movements could result
in lead dislocation, mainly during the first 6 weeks

after implant but also later. Patients should
therefore be instructed not to elevate their left
arm above shoulder level during these first 6

weeks. This may lead to specific sports participa-
tion restrictions. In patients with left arm domi-
nance (like left-handed tennis players) there is
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a higher risk for lead fracture caused by costo-
clavicular crush. An example of a partial lead
fracture is shown in Fig. 2. Although there are

reports about adequate defibrillation with right-
sided implanted defibrillators, such an approach
cannot be advocated as standard practice. Most
devices now allow noninvasive evaluation of the

shock coil impedance, obviating the need for
regular chest X-rays to detect lead fracture. The
risk of subclavian crush, which is higher in all
physically active patients but especially left-

handed athletes, should be another impetus for
implanting single-lead devices or VVI-ICD, and
with a lead which is as simple as possible (ie,
with minimal conductors, thus preferably with

only one shocking coil) whenever feasible.
Fig. 2. Costo-clavicular crush fracture of an ICD lead. (A) Chest X-ray, showing fracture of the high voltage conductor in

the ICD lead at the costo-clavicular junction. The broken helical conductor connected to the ventricular shock coil. The

inner conductors of the pacing/sensing bipole were intact. (B) The fracture resulted in nondelivery of shocks during an ep-

isodeof ventricular tachycardia despite correct detection.Althoughall therapies in thisVF-rate zone hadbeenprogrammed

to 30 J, less than 1 J could be delivered. Like all ICDs, the device stopped delivering therapies after six unsuccessful shocks.

Luckily for the patient, the arrhythmia terminated spontaneously after 1.3 minutes (right side of the figure).
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Device programming

The programming of rate zones and zone-
dependent therapies has been discussed before.

Apart from atrial electrograms (requiring a DDD-

ICD), detection algorithms may include other

parameters to make VT identification more spe-

cific. Most ICDs allow programming of a sudden

onset parameter, which sets a threshold value for

change in rate to differentiate sinus tachycardia

from ventricular arrhythmias. However, one

should be cautious about using this parameter in

physically active patients as ventricular arrhyth-

mias may develop during sinus tachycardia, re-

ducing the specificity of this discriminator. It

can, however, be programmed in combination

with an extended high rate parameter: even when

sudden onset was not met, an arrhythmia per-

sisting longer than the set time will trigger ICD

interventions.
Many current ICD devices also have waveform

discrimination algorithms that compare the mor-

phology of QRS complexes during tachycardia

with those during sinus rhythm. An example of

such an algorithm, correctly rejecting a paroxys-

mal tachycardia as ‘‘supraventricular,’’ is shown

in Fig. 3. Another example from a different man-

ufacturer, with correct classification of a wide

QRS tachycardia as VT (and successful termina-

tion by ramp pacing) is shown in Fig. 4.
One needs to realize that all algorithms that

increase the specificity of arrhythmia discrimina-

tion may also lead to decreased sensitivity, that

is, possible rejection of appropriate detection of

VT. It is clear that nondetection of a ventricular

arrhythmia can have serious consequences. Many

electrophysiologists therefore will opt not to pro-

gram these discriminators on unless there are

particular indications, such as after inappropriate

shock delivery. Modern devices provide feedback

on how they would have classified an arrhythmia

if detection discriminators had been programmed

on. In such circumstances, it may be warranted to

increase the detection specificity.
Programming of the bradycardia pacing func-

tion of the ICD in athletes can usually be done at

a very low backup rate: most have no bradycardia

pacing indication, and ventricular pacing by itself

may be symptomatic. As outlined above, pacing

for symptomatic bradycardia is rarely an indica-

tion in young active ICD recipients. However,

some patients may have chronotropic incompe-

tence, while in others it may be anticipated that

bradycardic agents, required to prevent rapid
conduction of supraventricular tachycardia, could
lead to symptomatic bradycardia at rest. AV
sequential pacing in such circumstances prevents
symptoms caused by sole ventricular pacing. If

rate responsiveness is required, appropriate rate
acceleration during the particular sport activity of
the athlete needs to be evaluated. This can be done

by performing long-term ECG recording during
these activities. Conversely, inappropriate rate
acceleration during sports participation needs to

be excluded.
An example has been published about inap-

propriate accelerometer activation during horse-

back riding [14]. Although pacemakers with dual
sensors (minute ventilation plus activity) have
been shown to be able to better adapt to different
loads [15], dual sensors are not available in defi-

brillators. Moreover, the upper rate limit of rate
responsive pacing in ICD patients is usually re-
stricted by the requirement to detect ventricular

arrhythmias, preventing programming of high
pacing rates. An adaptive AV delay may help to
increase the upper rate limit but may increase

the degree of right ventricular pacing. On the
other hand, in most patients with ICDs it is
recommended to refrain from moderate and in-

tensive physical activity, which obviates the need
for high upper rate limits.

Recommendations on sports participation

in ICD patients

General recommendations

The underlying pathological conditions that

lead to ICD implantation usually require limita-
tions in sports participation. Generally, they in-
clude the advice to abstain from intensive sports

or competitive participation. Although very effec-
tive in preventing sudden death, ICD implanta-
tion should not be regarded as a substitute for

such a recommendation [16]. Moreover, there are
other reasons to abstain from intensive sports
participation with an ICD: (1) physical activity
is a likely trigger for ventricular arrhythmias,

that can be better prevented than treated; (2) tran-
sient impaired consciousness can have far-reach-
ing implications during certain sports; and (3)

the efficacy of the ICD to interrupt malignant
ventricular arrhythmias during intense exercise is
unknown and, from theoretical considerations,

probably suboptimal (given the associated meta-
bolic, autonomic, and potentially ischemic
conditions).
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Fig. 3. Morphology discrimination of arrhythmia. The four panels show consecutive intracardiac electrograms recorded

by an ICD during arrhythmia detection. Although there was a sudden onset (ie, sudden increase of the ventricular rate

into the VT-rate zone), the electrogram morphology matched that of the intracardiac QRS-complex during the foregoing

atrial fibrillation rhythm (as indicated by the check marks at the bottom of the tracings). This resulted in declassification

of VT detection by the device and thus withholding of inappropriate therapy.
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Fig. 4. Morphology discrimination of arrhythmia. (A) Interval plot showing how an arrhythmia suddenly started during

sinus rhythm of about 70 bpm (V-V interval 800 ms): the ventricular rate accelerated to 188 bpm (320 ms). In this VT

zone, morphology discrimination had been activated. (B) The width of eight consecutive beats was compared with a pre-

viously stored template during sinus rhythm (right lower corner; not normal part of the printout but added for didactical

clarity). It was wider in all beats (112 ms or 116 ms versus 64 ms). The arrhythmia was correctly classified as ventricular

tachycardia, and ramp antitachypacing was delivered resulting in termination of VT with resumption of sinus rhythm

(see right side of Fig. A).
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Therefore, an ICD disqualifies an athlete for
competitive sports, except those with a low
cardiovascular demand (such as golf, billiards,

or bowling) [4,17]. However, physicians and
patients alike may feel more assured to continue
leisure-time physical activities with low to moder-
ate dynamic or static demand (and without risk of

bodily collision) with an ICD on board, which
may contribute to physical and psychologic well-
being [18]. Specific data on the benefits and risks

of ICD in physically active patients are lacking,
explaining a large variability in current recom-
mendations made by physicians to their patients

[19]. Some physicians have opted to allow compet-
itive sports in particular cases. In a survey of
Heart Rhythm Society members, ICD shocks
were common during sports, but injury to the

patient and to the ICD system were relatively
rare (less than 1% and 5%, respectively) [19].
There were, however, two reported deaths, one

because of head injuries caused by a fall. Further
data are certainly needed to better define levels of
sports participation with acceptable risk.

The device itself is an important monitor of
physiologic heart rates, (nonsustained) arrhyth-
mias, and the sinus rate at which ventricular

arrhythmias occur. A specific monitoring zone,
with detection but without therapies, can be
specifically programmed for this purpose. After
a period without problems (6 months, 1 year, or

longer), the level of participation can be adjusted
and tailored to a target heart rate, which can be
monitored on a wrist device by the patient.

However, in patients with arrhythmias that are
particularly sensitive to triggering by exercise,
these recommendations should be made with

caution.
Leisure-time sports resumption is allowed from

6 weeks after implant, preferably after a control
stress test. When appropriate or inappropriate

ICD interventions occur (antitachypacing or
shocks), a 6-week period refraining from sports
should be reconsidered to evaluate the effect of

changes in medical therapy or ICD programming.

Type of sports

Sports participation with bodily contact is

contra-indicated, given the risk for trauma to
the subcutaneously implanted device and its
connection with the lead system [20–24]. There-

fore, sports like rugby, martial arts, shooting, or
American football may have additional risks.
Some have advocated padding of the ICD
implantation site, as designed for soccer, basket-
ball, baseball, or hockey, although the effective-
ness of these protection systems has never been

proven.
Given the fact that there is latency between

arrhythmia onset and ICD intervention to termi-
nate it (by antitachypacing or shocks), sports

activities during which dizziness or (pre)syncope
would expose the patient or others to additional
risks are relatively contra-indicated. Examples are

climbing, piloting, and diving, among others.
Electromagnetic interference with ICD func-

tion is extremely rare. However, the patient

should be instructed about this potentiality if
encountering any sports-related exposition to
electromagnetic fields, and ICD follow-up should
explicitly exclude inappropriate detection. Strong

magnetic fields could temporarily (or in certain
models permanently) inhibit tachy-arrhythmia
therapy, although no specific sports-related cir-

cumstances in which this has occurred have been
described.

Inappropriate shocks

The most important clinical concern in athletic
patients with implanted defibrillators is the de-
livery of inappropriate shocks. Because these

shocks are painful, they may result in important
psychological coping problems that can range
from anxiety to aversion of the ICD therapy.

Some athletes may even ask for explantation of
the ICD out of fear of more inappropriate shocks.
In addition, such shocks can be potentially life

threatening because they may trigger malignant
arrhythmias (Fig. 5) [25,26]. Inappropriate shocks
occur in 16% to 44% of patients after 1 to 5 years

of follow-up [8,27,28]. Surprisingly, the recent sur-
vey of Heart Rhythm Society members about ICD
therapy during sports did not distinguish between
appropriate or inappropriate therapies, although

ICD shocks were reported to be common during
sports [19].

Causes for inappropriate therapy delivery

The main reasons for inappropriate therapy

delivery are supraventricular arrhythmias with
rates into the VT or VF detection zone. In young
and active patients this is often caused by sinus

tachycardia. In addition, rapidly conducted atrial
fibrillation or other atrial arrhythmias may trigger
inappropriate shocks.
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Fig. 5. Inappropriate shocks can be life threatening. (A) During exercising at a sinus rate of 170 bpm, this patient with

Brugada syndrome developed large T-waves on his intracardiac sensing electrogram, resulting in counting of both

R- and T-waves. The ICD interpreted the double rate of 340 bpm as ventricular fibrillation and delivered a shock of

24 J on the T-wave (CD in right panel). This shock induced real ventricular tachycardia at a rate of 160 bpm, which

was later converted, with a shock of 30 J. (B) A similar proarrhythmic event occurred in another athlete in whom

VF detection was triggered by sinus tachycardia of more than 180 bpm (see gradual decrease of R-R interval crossing

the detection threshold of 330 ms). The time of detection is indicated by the vertical dotted line. A first shock of 35 J

evidently did not modify the sinus tachycardia (with VF reconfirmation), but the second shock induced a real fast

ventricular tachycardia of about 280 bpm (220 ms), which was converted back to sinus tachycardia by the third shock.

Fortunately, two further shocks did not reinduce ventricular arrhythmia. The sinus rate gradually declined (the patient

stopped his exertion), so that there was no further inappropriate detection after shock five. If the last shock (sixth to

eighth) of such a consecutive series of inappropriate shocks would induce a ventricular arrhythmia, the device would

not deliver further shocks, which evidently would lead to a life-threatening situation.
Other causes can be divided between intrinsic
or extrinsic events, dependent on whether cardiac

or extracardiac signals lead to inappropriate de-
tection. Intrinsic events include far-field oversens-
ing of atrial activity, as has been reported in ICDs

with integrated bipolar sensing and a shock coil
which extends into the right atrium [29]. Repeti-
tive nonsustained ventricular tachycardia, or
ventricular premature beats, may also lead to
arrhythmia detection and delivery of shocks

which in essence are not necessary [30]. The
most common intrinsic reason for inappropriate
detection is double counting of ventricular events

caused by T-wave oversensing (Figs. 1, 5): every
heart beat is then counted twice, which may lead
to inappropriate detection during modest sinus
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tachycardia. This phenomenon is more frequently
observed in Brugada syndrome or short QT syn-
drome [29,31], which are part of the indications

for prophylactic ICD implantation in young
patients. These syndromes may be associated
with dynamic changes in the size of the R and
T wave sensed by the ventricular lead. Integrated

bipolar leads may also increase these incidents
[29]. One should therefore be critical on the
quality of the intracardiac electrograms during

implantation, with a high R/T ratio.
Extrinsic causes of inappropriate detection can

be diaphragmatic potentials, bad connections

caused by loose setscrews or lead pins that are
not fitted correctly within the defibrillator header,
and electromagnetic interference (EMI). EMI is
less frequent than anticipated because of the

narrow band pass filters in modern devices;
however, it remains an unpredictable cause of
inappropriate detection. It has been described in

association with the use of transcutaneous nerve
stimulation [32], electrocautery [33], security
gates, toys, washing machines, fish bond gear,

and MRI equipment [34–37]. Although electrical
and electronic environments during athletic par-
ticipation could theoretically predispose to this

complication, no case reports have described
such interference. It should, however, be ruled
out in case of athletes presenting with inappropri-
ate shocks in specific locations. The most common

extrinsic cause of inappropriate detections are
lead problems, caused by insulation defect, abra-
sion, or fracture of the lead. An example is shown

in Fig. 6. Insulation defects have been described in
4% to 22% of ICD patients after 4 to 6 years [13].
Prior device replacement is a risk factor for this

complication [12,38,39]. Diagnosis requires evalu-
ation of the electrograms during detection. Typi-
cally, these artifacts are exacerbated after high
energy DC shock delivery, which leads to

repetitive inappropriate shocks (see Fig. 6B, C).
Other follow-up ICD parameters usually are nor-
mal in such situations (pacing threshold and im-

pedance, shock impedance, battery voltage, and
capacitor charge time), and often the bipolar sens-
ing electrogram can return to perfectly normal

tracings intermittently (and hence be missed dur-
ing routine follow-up).

Acute management of inappropriate shocks

Most ICDs will stop firing after the delivery of
six to eight shocks, considering an episode with-
out success after such a series as untreatable or
inappropriately treated. This saves the patient
with inappropriate detection from more shocks,
although after a period that is considered as

a sinus rhythm by the device, a new shock cluster
may restart. Patients sometimes enter the hospital
after having received multiple shocks. Therefore if
a patient presents with an ICD shock or repetitive

shocks (termed an ‘‘electrical storm’’) a thorough
investigation is required into its cause. Of course,
repetitive shocks can also be appropriate (VTorVF

storm), although this is less common than clustered
inappropriate shocks. It is important that when
a patient enters an emergency ward for inappro-

priate shocks (and may be temporarily saved from
further shocks by magnet application, see below),
a 12-lead ECG and telemetric monitoring are
obtained as soon as possible. Correct identification

of the cause is key to preventing further shocks. If
the ICD is interrogated to evaluate the cause of
(inappropriate) therapy, one shouldmake sure that

the information is completely printed out and the
ICD memory not erased, which could preclude
further diagnostic evaluation.

It is advisable to put the patient immediately
on telemetric ECG recording. If inappropriate
shocks are delivered, they can be stopped by

application of a magnet over the ICD. Generally,
doughnut-shaped specific magnets are used, but
also regular pacemaker magnets inhibit ICD
function (Fig. 7). The magnet behavior is some-

what different depending on manufacturer. One
should try to obtain information on the implanted
device and the magnet response of it. An overview

of magnet behavior is given in Table 1. Applica-
tion of a magnet will, in almost any ICD, inhibit
tachycardia therapy delivery while leaving brady-

cardia pacing unaffected (in Sorin/Ela Medical de-
vices bradycardia pacing will be delivered at the
magnet rate, which is dependent on the residual
battery voltage). Usually, tachycardia detection

is suspended, except in Boston Scientific (formerly
Guidant) ICDs in which magnet application puts
the device in a temporary ‘‘monitoring-only’’

mode (ie, detection of tachyarrhythmia but no au-
tomatic intervention). Older Guidant devices were
also permanently deactivated if the magnet appli-

cation lasted for more than 30 seconds. Although
this is still a programmable option in modern
Guidant ICDs, the default setting is a temporary

inhibition, as in ICDs from other manufacturers.
This means that if a real ventricular arrhythmia
occurs and therapy delivery is necessary, the mag-
net can be removed with instantaneous resump-

tion of full ICD function.
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In most devices, interrogation of the ICD is
possible while a magnet is applied (or a magnet is
even obligatory in Biotronik and Medtronic
ICDs). However, St. Jude and Sorin/Ela Medical

devices cannot be interrogated while a magnet is
in place, which can occasionally lead to an
inability to reprogram the device during incessant

tachycardia without letting the arrhythmia trigger
another intervention. A printout of the electro-
grams that led to arrhythmia detection and

therapy is of key importance in identifying its
cause. (see Figs. 1, 3–6). Other parameters, such as
pacing and shock lead impedance, can be helpful,

as well as the amplitude and morphology of the
sensed electrograms in sinus rhythm. Chest X-
ray may reveal lead fracture or dislocation (see
Fig. 2). Modern devices now measure some im-

portant device and lead related parameters (like
lead impedance, sensing threshold and others)
daily. A few devices have special counters that

enable detection of artifactual potentials, based
on unphysiologically short R-R intervals of less
than 62 milleseconds in Sorin/Ela Medical, or

140 milliseconds in Medtronic devices. Some
devices allow the patient to tag a time point
when they have symptoms, or even store an elec-

trogram in the ICD at such a moment. In some
athletic patients these event recorder functions of
devices can be used to check for possible electro-
magnetic interference in their specific athletic

surroundings, or detection or exclusion of ar-
rhythmias at the time of symptoms.

Over recent years, technology has emerged that

allows wireless transfer of measured parameters
and of shock-related information to central
servers, from where physicians can be alerted

(SMS, fax, internet) and via which they can review
device function and recorded episodes. In the near
future, most devices will also perform automatic
ventricular or atrial capture monitoring, which

will complete the pallet of remotely monitored
parameters. These remote monitoring systems
may allow earlier detection of situations that

could potentially lead to inappropriate shocks
(such as atrial arrhythmias or lead insulation
defects) and could therefore improve quality of

life in young ICD patients.

Therapy of inappropriate shocks is mainly

preventing them

One should be critical of the R and T wave
amplitude, morphology, and ratio during implant,
to ensure correct sensing without T wave
oversensing. The atrial electrogram should also
be evaluated on the absence of far-field R-wave
sensing. ICD technology is developed to detect
small electrograms during ventricular fibrillation.

Because the ventricular lead is implanted in the
RV, which in some athletes may be diseased, the
recorded electrograms may be of small amplitude

and prone to undersensing of VF or delayed shock
delivery, which is also is a risky complication [40].
This stresses the importance for optimal position-

ing of the leads during the implantation procedure
so that they have correct sensing, ensuring reliable
VF detection and minimizing the risk for double

counting and inappropriate shocks.
Rational selection of device and leads and the

programming of rate zones and related therapies
have been discussed above. Moreover, Fig. 1 illus-

trates that atrial information does rarely prevent
shock delivery if the VT- or VF-zone rate limits
have been exceeded. If any supraventricular

arrhythmia that can be ablated is known in the
patient, it is worthwhile to consider prophylactic
ablation to prevent rapid atrio-ventricular con-

duction during later physical activity, which could
result in inappropriate shocks. Physically active
patients should be counseled on the possibility

of electromagnetic interference, and occurrences
of such interference excluded during follow-up
visits.

The most important preventive action in ath-

letic people is to anticipate and prevent sinus
tachycardia. An exercise test or long-term ambu-
latory ECG recording during the sports activities

of the patient may provide very valuable infor-
mation in this regard. Inappropriate therapy,
caused by sinus tachycardia, can be prevented

by limiting the amount of maximal exercise,
warning against sudden bursts of exercise, and
prophylactic administration of AV nodal slowing
drugs (like beta-blockers, or calcium antagonists,

or digoxin). This applies not only to the fittest
patients, but also to patients with a history of
atrial arrhythmias or patients with heart failure

(who have a higher risk for development of atrial
fibrillation).

Before elective surgery, it is recommended to

temporarily program off tachyarrhythmia detec-
tion and therapy, although interference with the
radiofrequency currents emitted by electrosurgical

units is very rare in modern devices. Although
a magnet can be applied for temporary inhibition,
it may slide off during the intervention or even
may be forgotten to be taken away after the

intervention. Programmer based inactivation and
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479IMPLANTABLE CARDIOVERTER DEFIBRILLATOR THERAPY
reactivation is therefore preferred; after the surgi-
cal intervention, this also allows a system check
and integrity check of the leads.

Preventing other inappropriate shocks can be

challenging, with different treatment options
available to the electrophysiologist: reprogram-
ming, drug treatment, ablation, further restriction

of activity, often in combination. In some pa-
tients, repositioning or replacement of the lead
may be required. Lead extraction is feasible in

a majority of patients but is not without risk [41].
Therefore, if fewer leads were inserted at the
initial implantation, the higher the chance that

one can opt to implant an additional lead, a policy
which in young people can prevent risky extrac-
tion procedures early in life. In some patients
with inappropriate shocks, upgrading from

a VVI-device to DDD-device can be considered
to prevent further inappropriate shocks, although
this requires a careful evaluation whether the

atrial electrogram information would really allow
a better discrimination by the device.

Last but not least, patients who experience

inappropriate shocks need psychologic support
and often supporting therapy. It takes time and
guidance to reassure them again of an active life

style, with carefully titrated physical activities.
A systematic psychologic support team may be
helpful, but is not everywhere available. At
minimum, elaborate counseling and reassuring

by the treating physician or electrophysiologist is
needed. Even then, it may take months before the
patient resumes a normal life-style and dares to

perform any new physical activities. It has been
reported that participation of ICD patients in
systematic rehabilitation programs, including psy-

chologic counseling, leads to better reintegration
and psychologic well being [18,42]. An interna-
tional trial (Relax-ICD) is underway to evaluate
this in larger ICD patients groups, although this
Fig. 7. Inhibition of tachyarrhythmia therapy (antita-

chypacing or shocks) by magnet application. It is recom-

mended to use a stronger doughnut shaped magnet (A),

but also regular pacemaker magnets (like the one shown

in (B) can inhibit ICD therapy delivery. In older models,

application for more than 30 seconds could permanently

turn off the device, but this is almost never the case to-

day. Nevertheless, it is recommended to verify the mag-

net behavior of the implanted ICD (see Table 1) and to

interrogate the ICD with a programmer to evaluate its

functional status. Except for Sorin/Ela Medical devices,

bradycardia function is not affected, and is never

inhibited.
Fig. 6. Insulation defect leading to repetitive inappropriate shocks. (A) During sinus bradycardia of 45/min, the sensing

bipole channel in this athlete with an ICD recorded spurious electrograms with a high rate, which were detected by the

ICD within the VF zone and led to inappropriate detection. The patient was sitting at that time. The electrograms were

the result of abrasion of the insulator of the pacing/sensing conductors, while the far-field electrogram (recorded between

the shock coil in the RV and the ICD can) initially showed normal tracings. (B) After the first shock (35 J), the artifacts

increased in magnitude and now were also present on the far-field electrograms. (C) Interval plot showing the very wide

scatter on the recorded R-R intervals, with much more variation than seen during atrial fibrillation and especially with

very short intervals. After the 6th shock, the device stopped therapy delivery, despite continuation of the artifacts. Later

however, intermittent episodes without artifacts (see right side) led to ‘‘arrhythmia termination’’ classification by the de-

vice, resulting in a new six-shock inappropriate therapy sequence within a few minutes. When the patient entered the

hospital, he had received more than 25 shocks and was frightened.

=
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Table 1

Magnet behavior of ICDs

Biotronik

Guidant (Boston

Scientific) Medtronic Sorin (Ela-Medical) St. Jude

Inhibition tachy

detection?

yes no if ‘‘monitoring

only’’ (except

electro-cautery

mode)

yes yes yes

Inhibition tachy

therapy?

yes yes yes yes yes

Permanent

deactivation?

no yes until 1999 no no no

Different old

versus new?

no yes (ICDs ! Prizm

1999)

no no no

Programmable? no yes if :1) ‘‘OFF after

30 sec’’ (devices

until Aug 2004)

2) ‘‘no effect’’ (also

if ‘‘Pt monitor On’’)

no no yes if

‘‘no effect’’

Effect on Brady

behavior?

no no (except

‘‘electrocautery

mode’’: VOO or

DOO)

no magnet rate function

of battery voltage,

in programmed

mode (max output;

%96/’) (Defender

!1995: DOO or

VOO)

no

Interrogation

possible?

yes

(obligatory)

yes yes

(obligatory)

no no
study does not specifically address a young and
athletic patient population.

Summary

Implantable defibrillators provide a very im-
portant tool to prevent sudden arrhythmic death
in athletes, or physically active people with an

inherited risk for malignant ventricular arrhyth-
mias. They often provide a means for safe
continuation of mild to moderate recreational

sports activity.
Long-term acceptance of the therapy and

quality of life will be highly dependent on the
prevention of inappropriate therapy. As this text

has outlined, prevention requires serious antici-
pation from physician and patient. A choice for as
few and as simple leads as possible ensuring

durable functioning, devices with high longevity,
careful programming tailored to the characteristics
of the patient’s physiologic and pathologic heart

rhythms, preventive bradycardic medication, and
rehabilitation with psychologic counseling, are all
very important in this respect. Nevertheless, the
patient or athlete also has to accept some limita-
tions, such as restricting the intensity of sports
participation and accepting the intake of prophy-

lactic bradycardic agents. However, with these
concerted measures, the sword of Damocles’ threat
of imminent sudden death or inappropriate shocks

can largely be removed, allowing continuation of
an active young life in most.
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