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Foreword

As an Olympian, I know that all the athletes are grateful to the IOC Medical and Scientific Commission and
the research it supports, like this invaluable book.

This manual is a comprehensive and authoritative work on the cardiovascular system during its acute
responses to individual bouts of exercise (both in training and during competition) and its chronic adapta-
tions to long-term conditioning exercise. The target audience is sports medicine physicians, cardiologists,
primary care physicians, emergency room physicians, physical therapists, athletics coaches, nurse practi-
tioners and physicians’ assistants. But ultimately, this book and this research support the athletes in their
training and competition.

To produce this remarkable work, a team of contributing authors was recruited comprising outstanding
clinicians and scientists who, through their research and publications, have provided the foundations of
knowledge regarding the functioning of the heart relating to sports performance. Following a presentation
of basic information on cardiac function, this manual presents detailed discussions regarding the cardio-
vascular management and screening of athletes, the provision of emergency care and the prevention of
sudden death.

This manual constitutes a major contribution to international literature on cardiology. It joins the impressive
list of publications presented by the IOC Medical and Scientific Commission, with the objective of improving
the health and welfare of athletes participating at all levels of competition.

Thomas Bach
IOC President
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Preface

In 1901, Dr W. Collier submitted a paper to the British Medical Fournal entitled, “The Effects of Severe
Muscular Exertion, Sudden and Prolonged, in Young Adolescents’ [1]. This early article demonstrated the
predicament faced by physicians when dealing with athletes suspected of, or diagnosed with, a cardiovascu-
lar disease (CVD). Collier describes the case of an Oxford University mile runner who was performing
poorly and presented for medical consultation. Physical examination at rest was normal, but upon mild
exercise, the athlete demonstrated a very distinct systolic murmur. Rightly or wrongly, Collier stated that he
‘had no doubt that it was over-dilation of the right ventricle’ and disqualified the athlete from competition
[1]. He even sent the athlete on a sea voyage, where the temptation to exercise was effectively removed.
Despite much medical, academic and technological advancement in the 100 years after Collier’s initial
insights, many sports medicine physicians who undertake cardiovascular pre-participation screening may
argue that following the diagnosis of an inherited cardiac disease, the limited ability to adequately risk-
stratify and provide evidence-based exercise recommendations and disqualification criteria for athletes
indicates our management remains just as inadequate and imprecise.

Athletes are perceived as the epitome of health, owing to their unique lifestyle and physical achievements.
However, a small proportion of athletes die suddenly from a pathologic heart condition: so-called ‘sudden
cardiac death’ (SCD). Most deaths in athletes under 35 years of age are attributed to inherited or congenital
disorders of the heart that predispose to malignant ventricular arrhythmias. Due to the steady trickle of SCDs
in young athletes, several major sport governing bodies, including the International Olympic Committee (IOC)
and Fédération Internationale de Football Association (FIFA), have ‘recommended’ the implementation of
systematic cardiac screening programmes — a trend increasingly being adopted by such bodies worldwide.
Despite differences in screening methodology, both the American College of Cardiology (ACC)/American
Heart Association (AHA) and the European Society of Cardiology (ESC) agree that there is compelling justifi-
cation for cardiovascular pre-participation screening on medical, ethical and legal grounds [2, 3].

The purpose of pre-participation cardiovascular screening appears to be well intentioned: to promote athlete
safety and provide medical clearance for participation in sport through the systematic evaluation of athletes,
aimed at identifying pre-existing cardiovascular abnormalities and thereby reducing the potential for adverse
events and sudden death. However, athletes who exhibit an abnormal finding on their screening evaluation
may face a barrage of complex medical, psychological, ethical, financial and legal conundrums. In turn, the
attending sports medicine or cardiology physician faces an equally challenging management situation, for
which little evidence-based guidance is offered. As more sporting federations promote cardiovascular pre-
participation screening, it is a statistical inevitability that an increased number of high-level athletes will be
diagnosed with a cardiac disease associated with SCD, and an even higher number will be evaluated and
monitored under suspicion of having an inherited cardiac disease.

If one assumes the resting 12-lead electrocardiogram (ECGQG) to be part of the standard screening process as
endorsed by the IOC then it is important to consider what constitutes appropriate management following
the recognition of a particularly abnormal or bizarre ECG in an otherwise healthy, asymptomatic athlete.
The problem facing cardiologists and sports physicians is that the risk stratification of patients harbouring
the most common diseases associated with SCD in sport is poorly described. Our limited understanding
suggests risk is exacerbated when intense training and competition are imposed on a disease carrier.
Guidelines from both the ACC’s 36th Bethesda Conference and the ESC recommend that athletes with an
‘unequivocal’ or highly ‘probable’ diagnosis of cardiac disease should abstain from competitive sport and
vigorous training, with the exception of low-intensity activities [4, 5]. Yet, the precise risk of SCD related to
continued sports participation for an athlete with an inherited cardiac disease is not clearly established, and
new paradigms are emerging which emphasise individualised medical management, risk reduction and
informed decision-making in the consideration of continued sports participation.

One of the weaknesses of this highly specialised area is the lack of centralised information for the clinician
charged with the management of athletes with an inherited or congenital cardiac condition. Both the ACC and
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the ESC have dedicated sports cardiology sections. However, whilst both organisations provide consensus
statements/documents for a variety of conditions and situations, many of the basic scientific underpinnings
that are required to fully comprehend and apply these statements are often lacking. This ultimately means
sports medicine and cardiology physicians are unable to find appropriate and up-to-date answers to the major-
ity of their questions in a single resource.

The Medical Commission of the IOC has consistently appreciated the importance of sports cardiology in
protecting the health of its athletes. In choosing to commission the IOC Manual of Sports Cardiology, the
IOC recognises the great number of challenges team physicians face when examining the cardiac health of
athletes. The IOC Manual of Sports Cardiology provides extensive coverage of a wide array of sports cardiol-
ogy topics, ranging from exercise physiology to exercise recommendations in athletes with established
cardiac pathology. Most chapters are structured with a common central theme, examining the prevalence
of a particular cardiac disease, its contribution to SCD, its diagnostic criteria, clinical presentation and
evaluation, risk stratification and disease management, as well as considerations in the context of exercise
and physical activity recommendations.

Whether Collier in 1901 was right to disqualify his Oxford University mile runner due to apparent overdi-
lation of the right ventricle and to impose a sea voyage on him in an attempt to limit his exercise is not for
debate [1].What is for discussion is that Collier reached his diagnosis by identifying abnormal signs, symp-
toms and cardiovascular features, which in his view, based on the existing literature of his era, suggested
that in order to prevent an adverse cardiac event, exclusion from competitive exercise was the appropriate
course of action. Ultimately, it is anticipated that with our evolving understanding of inherited cardiac
diseases and their potential risk for adverse cardiac events associated with intensive sport, the sports medi-
cine and sports cardiology community will be able to reduce the number of athletes entering the ‘physio-
logical versus pathological’ grey zone.Such measures should effectively mitigate the risk of SCD in athletes
with confirmed pathologic cardiac disorders through improved risk stratification, targeted management
and evidence-driven recommendations for physical activity. It is our hope that this JOC Manual of Sports
Cardiology becomes the reference textbook to support the centralisation of both scientific information and
appropriate management pathways.

We thank the Medical Commission of the IOC for recognising the importance of sports cardiology and
affording us the opportunity to produce this manual for the benefit of the international sports medicine com-
munity. We thank all expert contributing authors, without whom this manual would not have been possible.
Finally, we thank those authors and publishers who generously gave us permission to reproduce figures or
data, the sources of which are acknowledged in the legends.

Mathew G. Wilson
Jonathan A. Drezner
Sanjay Sharma
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Introduction

Scientists, clinicians and the lay public have long been intrigued by the heart. As early as the 4th century BC,
Aristotle suggested that the heart was the origin of intelligence in man. Our understanding has advanced
from this speculation, and in this chapter we seek to summarise our current understanding of the heart’s
anatomy and how it links to its function. Fundamentally, this chapter serves to provide ‘baseline’ knowledge
upon which key issues related to cardiac assessment, health, disease, adaptation and clinical decision-making
may be placed in context.

Gross Cardiac Anatomy

The heart is a muscular organ roughly the size of clenched fist. As a muscle, it is in continuous motion,
beating on average 2.5 billion times in a lifetime. Its primary role is to pump blood into the pulmonary
circulation (from the right side of the heart) and the systemic circulation (from the left side of the heart) in
order to deliver oxygen and nutrients to metabolically active tissue. Consequently, the heart is a ‘double
pump’ of cardiac muscle (cardiomyocytes) surrounding four chambers, with other anatomic features including
valves, electrical conduction pathways, major blood vessels and its own circulatory system. The heart is
located within the mediastinum in the thoracic cavity, in between the lungs. The base (top) of the heart lies
behind the sternum, whilst the apex (bottom) can be palpated in the left chest wall (normally on the
midclavicular line around the fifth intercostal space). As well as this lateral-longitudinal orientation from
base to apex, the heart is also rotated with its right side lying anteriorly. On average, the overall mass of the
heart is circa 250 g in females and 300 g in males. It is important to note, however, that the position, size and
shape of the heart may vary significantly from person to person.

Chambers, Walls and Valves

The heart consists of four chambers, with the left and right atria located above the left and right ventricles,
respectively (Figure 1.1). Whilst anatomically and mechanically different, both left and right sides of the
heart contract at the same time and produce approximately the same output or flow. Separating the two
sides are the interatrial and interventricular septa. In order to prevent regurgitation or backflow of blood
between chambers and to ensure flow down pressure gradients (atria to ventricles; ventricles to major
arteries), there are four unidirectional valves, namely the mitral, tricuspid, pulmonary and aortic valves.

Atria serve as both reservoirs and pumps. The right atrium is a thin-walled chamber that is between 29 and
45mm along its long axis. It receives ‘oxygen-depleted’ blood from the superior and inferior vena cava
(systemic circulation) and the coronary sinus (from the coronary circulation). It consists of both a smooth
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Figure 1.1 Schematic detailing the structural anatomy of the heart in the frontal plane

(posterior wall) and a rough (anterior wall) interior surface. The posterior wall receives both vena
cava and contains the sinoatrial node (SA node). The anterior surface is rough due to the presence
of the pectinate muscle ridges, which can act as a volume reserve. A flap-shaped auricle extending
out from the anterior surface also permits an increase in atrial volume. The interatrial septum sepa-
rates the right and left atria. A remnant from foetal development is the presence of a depression
within the interatrial septum called the fossa ovalis. In the foetal state, this is open and allows blood
to travel freely between the right and left atria, bypassing the nonfunctioning lungs; this normally
closes soon after birth, but in up to 30% of adults a small opening may persist, in the form of a patent
foramen ovale.

Blood flows from the right atrium into the right ventricle through the right atrioventricular orifice,
which contains the tricuspid valve. The tricuspid valve comprises the annulus, three leaflets, three
papillary muscles and three sets of chordae tendinae. The tricuspid valve opens when a positive pres-
sure gradient exists between the right atrium and the right ventricle. During right ventricular contrac-
tion, with the assistance of papillary muscles and chordae tendinae, the valve prevents blood flow back
into the right atrium. The three leaflets (anterior, posterior and septal) consist of sheets of dense con-
nective tissue.

The right ventricle has a complex geometry, appearing triangular when viewed in the frontal plane and
crescent-shaped when viewed transversely. Under normal loading conditions, the septum arches into the
right ventricle due to the higher pressure in the left side of the heart. The right ventricle pumps into the low-
pressure pulmonary system, and is thus required to do less work to achieve the same output. Consequently,
right ventricular mass is approximately one-quarter that of the left ventricle, with the right ventricular free
wall being 3-5 mm in thickness. The walls of the right ventricle are characterised by the presence of a series
of irregular ridges called trabeculae carneae. The moderator band, a single specialised trabeculae from the
anterior papillary muscle to the interventricular septum, acts as the primary conduction pathway of the right
bundle branch. Blood leaves the right ventricle via the outflow tract through the unidirectional pulmonary
artery valve, at a pressure of around 25 mmHg.

Reoxygenated blood returns to the heart via four pulmonary veins that drain into the left atrium. The left
atrium also contains an auricle, high up in the atrial chamber and in close proximity to the free wall of
the left ventricle. Whilst internally the atrial surface is smooth, the left atrial appendage is lined by
pectinate muscles. The left atrium opens into the left ventricle through the mitral orifice and the mitral
valve. The mitral valve contains two leaflets and is, again, a passive unidirectional valve that opens when
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there is a positive pressure gradient from the left atrium to the left ventricle. During left ventricular
contraction, the mitral valve, chordae tendinae and two papillary muscles prevent backflow of blood into
the left atrium. The left ventricle is bullet-shaped, being almost circular at the mitral valve and rapidly
tapering at the apex. The interventricular septum separates the two ventricles and is as thick as the left
ventricular free wall. Left ventricular wall thickness (normal range 6—12mm) is larger than that of the
right ventricle due to the higher pressures and the greater work that is undertaken to generate the same
flow. Near the level of the aortic valve orifice, however, the septal wall thins. This section, called the septum
membranaceum, is fibrous and encases the atrioventricular conduction bundle. The left ventricle con-
tains a network of trabeculae in the lower third of the chamber; the presence of excessive and deep
intertrabecular recesses is termed left ventricular hypertrabeculation. Blood is ejected from the left
ventricle through the three-cusped unidirectional aortic valve (positioned in the aortic root) into the
ascending aorta. The aortic root also includes the sinuses of Valsalva and the sinotubular junction.
There are three sinuses of Valsalva, with the coronary arteries arising from the left and right sinuses.
Externally, the ventricles are separated by the anterior and posterior interventricular sulci, which are
shallow grooves on the surface of the heart.

Tissue Layers

The mass of the heart is often referred to simply as the ‘myocardium’, but this is an oversimplification of the
layers of muscle and connective tissues. The outer layer consists of connective tissue and is called the peri-
cardium. This is a thin fibroserous sac enclosing the heart and has two main parts: the fibrous pericardium
and the serous pericardium. The serous pericardium consists of two membranes, in between which is a small
amount of serous fluid, which helps lubricate them. The pericardium serves to afford some protection and
stability to the heart. The next level is the epicardium, which contains a layer of mesothelial cells, beneath
which is connective and adipose tissue. Whilst adhering to the heart, it also acts as the deeper serous layer of
the pericardium, often referred to as the ‘visceral pericardium’. The next layer is the myocardium, which
contains most of the cardiomyocyte mass (95%) and is thus responsible for the pumping action of the heart.
Fibre architecture in the myocardium plays a fundamental role in the complex mechanical activation that
underpins cardiac function. Cardiac fibres are organised in a spiral or helical formation around the cardiac
chambers. Lining the interior of the heart is the endocardium, which consists of subendothelial connective
tissue and a thin layer of epithelium. This is continuous with the epithelium of the great blood vessels.

Coronary Circulation

The left and right coronary arteries arise from the left and right sinuses of Valsalva and lie upon the heart’s
surface as epicardial coronary vessels. The left main coronary artery soon branches into the left anterior
descending (LAD) artery and the circumflex artery. The LAD artery appears to be a direct continuation of
the left main artery and lies within the anterior interventricular sulcus, running down towards the apex.
It supplies oxygenated blood to the interventricular septum, most of the right and left bundle branches and
the anterior walls of both ventricles. The circumflex artery travels left around the posterior surface of the
heart, supplying blood to the left atrium and the posterior aspect of the left ventricle. These arteries divide
into increasingly smaller arteries, which then progress inwards to penetrate the epicardium and supply
blood to the myocardium. Arising from the right coronary sinus of Valsalva, the right coronary artery runs
along the right atrioventricular groove, which then arches down towards the inferior surface of the heart.
It branches off into the posterior descending artery and the right marginal artery, serving the right atrium,
the right ventricle and the inferior part of the left ventricle.

Coronary blood flow occurs mainly during myocardial relaxation (diastole) as a result of the increased resist-
ance to flow in compressed arteries during myocardial contraction (systole). The myocardium extracts the great-
est volume of oxygen of any given muscle bed in the human body. Following the distribution of oxygen and
nutrients to the cardiac muscle, the now deoxygenated blood returns to the heart through the coronary veins.
Three main tributaries (great cardiac vein, middle cardiac vein, small cardiac vein) connect to the coronary
sinus, travelling along the posterior aspect of the coronary sulcus and emptying into the right atrium. Anterior
veins, which drain the right ventricle, bypass the coronary sinus and directly attach to the right atrium.
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Electrical Conduction in the Heart
Action Potentials and Pacemaker Cells

Cardiomyocytes require an electrical action potential (Figure 1.2) to initiate mechanical events. The onset
of a heartbeat, or cardiac cycle, normally begins via the SA node in the upper right wall of the right atrium.
The SA node contains pacemaker cells that uniquely self-depolarise and set off an electrical signal that is
propagated across the entire myocardium. The SA node does not have a flat resting membrane potential;
rather, this increases slowly, before reaching a threshold of depolarisation (Figure 1.2). Nonpacemaker cells
have a stable resting membrane potential. For example, an atrial cardiomyocyte has a resting membrane
potential of about —90mV. When activated, an initial rapid depolarisation to 10mV occurs, largely due to
a change in membrane permeability and a rapid influx of Na*. There then follows a short, small repolarisation
and a plateau (near 0mV) that last for 200—300 ms. The action potential concludes with a rapid repolarisation
back to resting membrane potential.

Whilst the SA node can self-depolarise without any external neural control, in the healthy heart nerve
endings innervate it via sympathetic and parasympathetic branches of the autonomic nervous system.
The heart rate slows at rest under the influence of the parasympathetic vagal nerve activity; it increases
(e.g. during exercise) when the vagal ‘break’ is withdrawn and sympathetic ‘accelerator’ activity to the SA
node increases. Whilst there are other pacemaker cells in the heart, notably at the atrioventricular (AV) node,
if the SA node is functioning properly this will initiate a standard pathway of depolarisation around the heart
that underpins optimal mechanical activation and blood flow (so called sinus rhythm).

Conduction

The initial action potentials in the SA node rapidly spread to the surrounding atrial cardiomyocytes via gap
junctions and atrial conductance pathways (Figure 1.3) to initiate atrial contraction. Importantly, in
the healthy heart, electrical activity is prevented from travelling from the atria straight to the ventricles by
atrioventricular collagen rings. Electrical activity eventually reaches the AV node in the inferior aspect of
the interatrial septum. There is a brief delay in electrical propagation and mechanical activation to enable
the complete filling of the ventricles.
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Figure 1.3 Schematic detailing the electrical conductance pathway of the heart from the SA node to the
Purkinje fibres

Cell-to-cell electrical progression cannot happen quickly enough for depolarisation and mechanical
activation to occur in synchrony in the larger mass of the ventricles, so a conduction system facilitates
this process, ensuring the normal and effective contraction of the heart. From the AV node, the action
potential travels through the atrioventricular bundle (bundle of His) and splits into the left and right
bundle branches, extending down the interventricular septum towards the apex. At this point, these
branches become Purkinje fibres, curving around the right and left ventricles back towards the atria
along the ventricular walls. The Purkinje fibres facilitate the fastest electrical conductance in the heart to
ensure the larger ventricular myocyte mass depolarises and contracts together. Ventricular action potentials
are very similar to those in the atria.

12-Lead ECG

Given that every single cardiomyocyte is recruited every heartbeat, this electrical activity can be recorded on
the surface of the chest wall, via an electrocardiogram (ECQG). A single-lead ECG has a well-recognised
pattern and nomenclature (Figure 1.4). The P-wave reflects the summation of all the atrial myocyte action
potentials. Its magnitude is small, due to the smaller myocardial mass in the atria, and the duration is circa
100 ms, reflecting quite slow cell-to-cell propagation. From the end of the P-wave to the onset of the QRS,
complex electrical activity is absent, reflecting slow propagation of electrical activity through the AV node.
The QRS complex is the summation of both ventricle action potentials. The duration is circa 100ms, but
the magnitude is much greater than in the atria, reflecting greater myocardial mass. Consequently, the QRS
complex reflects a much more rapid spread of electrical depolarisation due to the speed of the ventricular
conduction pathways. After the QRS, there is another isoelectric phase, the ST segment. Finally, the T-wave
represents ventricular repolarisation and is longer in duration but lower in peak magnitude than depolarisation.
The repolarisation of the atria is lost within the QRS complex. Alterations in the magnitude, duration and/
or orientation of any PQRST component may reflect physiological and/or pathological changes in cardiac
structure, function or neural control; this will be discussed in Chapters 10, 11, 12 and 40.

The 12-lead ECG is generated from 10 electrodes, providing a comprehensive electrical overview of the
heart. Six limb leads are generated from four electrodes placed on the left and right wrists and the left and
right ankles. These leads reflect electrical activity in the frontal plane, with I, II and III being bipolar and
aVR, aVL and aVF unipolar. The remaining six leads reflect specific locations around the sternum and left
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Figure 1.5 Demonstration of correct 12-lead ECG lead placement

side of the chest wall. These leads are unipolar, reflect activity in the horizontal plane and cover electrical
activity originating from the right (V1 and V2) across to the left (V5 and V6) sides of the heart (Figure 1.5).

Structure of the Cardiomyocyte

Cardiomyocytes make up the vast majority of the tissue mass in the myocardium. As muscle cells, their
primary role is to transform an electrical signal into mechanical contraction. In comparison to smooth and
skeletal muscle cells, cardiomyocytes are shorter, normally have only one centrally located nuclei and have
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significant branching. Branching of the cardiomyocytes allows them to adjoin at their ends to form a network
of fibres, which are tightly connected via specialised junctions called intercalated disks. These are irregular
thickenings of the sarcolemma and contain desmosomes, which are responsible for cell-to-cell adhesion and
gap junctions, permitting the rapid and low-resistance spread of electrical activity from one cell to another.
The fibres are wrapped and bound together by connective tissue.

Like skeletal muscle, the sarcomere is the contractile unit of the cardiomyocyte. It contains long strands
of (thick) myosin and interdigitated (thin) actin filaments, in addition to troponin and tropomyosin.
The contraction of the sarcomere occurs between the Z-lines via a complex set of chemical and mechanical
events referred to as the ‘sliding filament theory’. In essence, in the presence of an electrical signal, Ca?* is
released from the sarcoplasmic reticulum into the intracellular space and chemically links actin and myosin
via crossbridges. Repetitive coupling and uncoupling of these crossbridges, powered chemically by the
hydrolysis of adenosine triphosphate, results in the movement of the actin strands towards the centre of the
sarcomere. The result is a shortening of the cardiomyocyte and tension development.

Cardiac Function
Cardiac Cycle

After each cardiomyocyte receives the electrical signal being propagated cell to cell and via conduction
pathways, it generates its own action potential, which sets off the metabolic and mechanical cascade of
contraction coupling and tension development. Each cell has a refractory period (both absolute and relative)
in which further electrical stimulation will not result in signal transduction and cell contraction, preventing
the heart muscle from tetanizing. The rapid and coordinated electrical signal transduction that produces
the ECG ensures that contractile function and relaxation also occur in a coordinated and synchronous
fashion. The transfer from electrical signal through cellular tension development to organ contraction and
relaxation is quite complex, but results in controlled, regulated and matched (left to right ventricle) outflow.
The parameters of interest to overall cardiac function are electrical signal, tension development, pressure
change and gradient and, finally, flow. All of these are described together very neatly in the cardiac cycle
represented in Figure 1.6.

We will describe briefly events in the left side of the heart. The time course of events is the same in the right
side, but pressure changes are lower. Starting at the left of Figure 1.6, the primary stimulus for the cascade
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Figure 1.6 Schematic of the cardiac cycle in the left ventricle
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of events in the cardiac cycle is the electrical action potential that makes up the ECG, and here we start at
the P-wave. The P-wave is the summation of action potentials in the atria and leads to a small pressure rise
in the atria. This pressure rise results in a positive pressure gradient between the left atrium and left ventricle,
causing blood flow into the left ventricle. This effectively ‘tops up’ left ventricular volume. Flow into the left
ventricle as a result of atrial contraction is partially related to atrial contractility, and also to compliance of
the ventricle. The short PR interval, in which electrical activity slows in the AV node and no cellular contrac-
tion occurs, allows this ventricular filling to finish before the signal for ventricular contraction (the QRS)
occurs. The onset of the QRS complex and ventricular contraction is regarded as the end of diastole (the
filling period) and the onset of systole (the contraction period). Rapid electrical conductance in the ventricles
sees a rapid rise in ventricular pressure. Initially, this takes ventricular pressure above atrial pressure and the
mitral valve closes. The rapid rise now occurs in a closed chamber, so it is called isovolumic contraction.
This period ends when ventricular pressure overtakes aortic pressure and the pressure gradient opens the
aortic valve. Pressure continues to rise in the ventricle and aorta as there is a large and rapid ejection of
blood into the aorta and ventricular volume drops. After hitting a peak pressure (~120mmHg at rest), both
ventricular and aortic pressure begin to drop as the ventricular myocyte enters repolarisation and relaxation.
The end of the ejection phase comes when ventricular pressure dips below the aortic pressure and the aortic
valve closes. This represents the end of systole and the beginning of diastole. Now ventricular pressure is
dropping rapidly, but in a closed chamber, and this period is called isovolumic relaxation. It is not until the
ventricular pressure falls below atrial pressure that the pressure gradient allows the mitral valve to open.
At this point, a rapid (early) filling of the ventricle occurs as the ventricle untwists, lengthens and radially
expands. The rebound relaxation from the prior contraction causes a suction effect and the ventricular
volume rises rapidly. After this early filling, the ventricle enters a short period of diastasis, in which little
blood flows across the mitral valve as pressure equalises in the atria and ventricles. This period is noticeable
at rest but is lost quite quickly during any increase in heart rate, as diastole is preferentially shortened over
systole. At the end of diastasis, we get another P-wave and the whole cycle starts again.

Heart Sounds

One of the interesting and important clinical phenomena associated with the cardiac cycle is the develop-
ment of heart sounds (Figure 1.6). Sound in the heart is generated by movement and friction but is largely
insulated from the outside environment. The characteristic heart sounds associated with the cardiac cycle
are biphasic and are referred to globally as ‘lup-dup’, which reflects a low-pitched first sound and a higher-
pitched, quicker second sound. The first sound occurs at the onset of systole and is associated with mitral
and triscuspid valve closure and then the rapid acceleration of blood flow out of the ventricles with contrac-
tion. The second heart sound occurs at the beginning of diastole as the aortic and pulmonary artery valves
shut. Valve closures occur a matter of milliseconds later in the right side of the heart, but occasionally subtle
splitting of the first and second heart sounds can be detected. Third and fourth heart sounds can be heard
in some cases during rapid early ventricular filling and atrial contraction, respectively. See Chapter 36 for
further discussion of cardiac murmurs.

Intrinsic and Extrinsic Regulation of Cardiac Function

As well as implicit contractile properties resulting directly from electrical activation, the myocardium also
possesses elastic properties that influence tension and subsequent contractility. When the myocardium is
lengthened during filling, it is said to have a level of ‘preload’ present. Increasing preload stretches the
myocardium and increases tension. An increase in tension will result in an increase in contractile force, and
thus a greater output of flow (stroke volume). This has been referred to as the ‘Starling law’ after one of the
authors of the original concept that within physiological ranges contractility or force produced by the
myocardium is increased if a stretch is placed in the myocardium beforehand. Later work deduced that this
length—tension relationship is also apparent for the right ventricle.

Whilst there can be some effect of heart rate on cardiomyocyte contractility (e.g. a brief increase in contractility
with increased rate or a brief increase in contractility after a heart-rate pause), these effects are normally small
and temporary. A second key determinant of cardiac contractility is afterload: the resistance against which
the heart has to work in order to generate flow or output. If systemic blood pressure rises then ventricular pres-
sure must rise further to generate a pressure gradient between the ventricle and aorta and so allow outflow
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(stroke volume). With increased systemic arterial blood pressure comes a longer, potentially slower pressure
rise to aortic valve opening (isovolumic contraction) and thus a smaller ejection time, limiting stroke volume.

It is important to remember that intrinsic control of cardiac contractility and function cannot be easily
‘divorced’ from extrinsic regulatory processes. Together, intrinsic and extrinsic factors exert an exquisite
level of control and moderation over cardiac function that allows humans to meet their circulatory needs
and maintain physiological homeostasis. Extrinsic input to the heart comes in the form of neural and
hormonal factors, of which neural control is the more important because of the immediacy of feedback and
response. The autonomic nervous system, through its components the parasympathetic and sympathetic
systems, is a key neural agent of change in the heart. Both the parasympathetic and the sympathetic system
arise in the medulla in the brain, but they have polemic effects. The parasympathetic system, via the vagal
nerve, innervates the SA node with increased neural activity, serving to slow heart rate. At rest, most humans
are under dominant vagal tone; as intrinsic SA-node discharge will result in a heart rate of about 100 beats.
min~'. The sympathetic nervous system also innervates the SA node, and increased neural activity — along
with vagal withdrawal — serves to increase heart rate, which is important in circumstances such as exercise.
The sympathetic nervous system, however, also innervates cardiomyocytes in the atria and ventricles and
can exert effects outside of a change in heart rate. Specifically, sympathetic stimulation will increase contrac-
tility. The same thing occurs with an increase in circulating catecholamines. Alterations in contractility
(or inotropic state) are likely caused by changes in the rate of Ca?* binding to the contractile proteins.

Pressure-Volume Relationships and the Law of Laplace

When dealing with the functional role of the heart, many are interested simply in cardiac output (Q) and its
direct determinants (stroke volume X heart rate). This makes intuitive sense, as flow or output is the most
important end point of cardiac structure and function. It is clear from this chapter, however, that cardiac
structure, function and control are complicated and that any representation of cardiac activity should also
reflect changes in preload, afterload and contractility. The work the heart does in producing flow against a
significant pressure resistance has led to the adoption of rate pressure product (RPP; heart rate X mean
arterial pressure (MAP)) as an indirect assessment of myocardial oxygen use. Other scientists and clinicians
calculate cardiac power as a measure of cardiac work: Q X MAP.

Stroke work of the heart is often represented by a pressure—volume loop (Figure 1.7). In a pressure—volume
loop, the entire cardiac cycle is represented, as are the maximum and minimum volumes and pressures.

1 - Mitral valve closing a - Diastolic filling ——— Preload
2 - Aortic valve opening b - Isovolumic contraction
3 - Aortic valve closing ¢ - Ejection Afterload
4 - Mitral valve opening d - Isovolumic relaxation Contractility
200 -
200 -
°
£ 120 c
S 120 -
= 100 - ®
Q 100 A
3 80 ®
[%]
<
o
50 - d
b 50 -
®
T a T T 1
50 100 120 200 50 100 120 200
Volume (ml) LV Volume (ml)

Figure 1.7 Schematic of cardiac pressure—volume loops, showing the effect of changes in preload, afterload and
contractility
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The area inside the loop is directly representative of the work performed by the heart. Such loops have been
constructed in healthy humans, as have a range of cardiovascular pathologies, in an attempt to fully describe
and understand the functional consequences of the disease processes at play, and also potentially the value
of drug or device interventions.

Finally, the law of Laplace has relevance to vascular and cardiac biology, based upon observations deduced
from cylinders and vessels. Simply put, the adapted law of Laplace for cardiac chambers states that wall
stress (tension) is the product of transmural pressure (intra- versus extraventricular pressure) and the radius
of the chamber, all divided by the thickness of the cardiac chamber wall. In endurance athletes, acute
exercise-related increases in preload and thus chamber radius may be a stimulus for chamber dilation,
which, according to the law of Laplace, will lead to an increase in ‘end-diastolic wall stress’. To offset this
increase in wall stress, the ventricular wall of the athlete likely increases in thickness in direct proportion to
the increase in chamber dimension.

Conclusion

This chapter serves to summarise the basic cardiac structure, electrical activation, function and control in
order to allow later chapters to advance discussion of both physiological adaptations to physical activity and
pathological manifestations induced by inherited, congenital or acquired heart disease.
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Introduction

This chapter provides an overview of the circulatory system by reviewing key structures and processes in
the vascular and lymphatic systems. The extrinsic and intrinsic control of vascular resistance are discussed,
and the physiology of the endothelial control of vasodilation is outlined. The chapter concludes with a
synopsis of the integrated control of blood flow and pressure. These topics are fundamental to the under-
standing of cardiovascular adaptation to physiology stressors such as exercise and the changes that occur
with pathology.

The Circulatory Systems

The circulatory system, also called the cardiovascular system, is a closed organ system that permits blood to
circulate and transport nutrients, oxygen, carbon dioxide and blood cells to and from the tissues of the body
in order to maintain homeostasis. The circulatory system comprises two separate systems: the cardiovascular
and lymphatic systems, which distribute blood and circulate lymph, respectively. The cardiovascular system
consists of the heart, blood vessels and blood and the lymphatic system of lymph, lymph nodes and lymph
vessels. The primary function of the cardiovascular system is the support of metabolism, immune-protection
and, through an integration of cardiac output and peripheral resistance, blood pressure. The lymphatic
system acts as a reservoir for the return of filtered blood plasma to the blood following the process of
capillary filtration. An accessory function is that of immune function, as, like the blood, lymph fluid contains
many white blood cells.

The Systemic Circulation

The systemic circulation consists of the arterial circulation, which carries oxygenated blood away from the
heart towards the tissues, and the venous circulation, which transports deoxygenated blood back to the heart
(Figure 2.1). Blood leaves the heart via the aorta and travels to the tissue via conduit vessels and smaller
resistance vessels before reaching the capillaries to allow for gaseous and nutrient exchange. Waste products
and carbon dioxide diffuse out of the cells into the microcirculation and, via venous capillaries, venules and
venae cavae, the blood re-enters the right atrium of the heart.

Blood leaves the left ventricle of the heart via the aorta, which along its length is classified as the ascending,
aortic arch, thoracic and abdominal aorta. The aorta is an elastic artery that is quite distensible, and as such
is capable of propagating a pulse wave along its length via the cardiac cycle. The outer layer of the aorta
contains a network of tiny blood vessels, the vasa vasorum, and the middle layer (tunica media) contains a
mix of smooth-muscle cells and elastic matrix; together, these structures occupy the large majority of the
vessel wall. The smooth muscle does not operate to alter the radius of the vessel, but rather, along with the
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Figure 2.1 Vascular structure from arterial to venous circulation
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elastic matrix, serves to increase the stiffness of the wall when activated. On average, the intraluminal
diameter of the aorta is of the order of 30 mm in females and 35 mm in males.

Nutrient-rich blood is supplied to the peripheral vascular beds through large conduit arteries (Figure 2.2).
These elastic vessels split into smaller muscular conduit arteries and then resistance vessels (or arterioles),
before splitting into capillaries. Conduit arteries vary in size, from the large carotid artery (5-7 cm) to the
relatively small radial artery (2—3 cm). These arteries are made up of three distinct layers: the tunica adven-
titia (outer layer), the tunica media (middle layer) and the tunica intima (inner layer). The adventitia is made
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entirely of connective tissue and contains the neural supply to the vessels. The tunica media is composed
mainly of smooth-muscle cells arranged in a circular pattern. The contraction or relaxation of this layer
controls the calibre of the vessels, which in turn determines the resistance to blood flow. The tunica intima
comprises a single layer of squamous cells, known as the endothelium. This monolayer coats the entire
vascular tree and is the direct interface between hemodynamic flow and the vessel wall. Due to its location,
the endothelium is directly exposed to changes in blood flow and shear stress.

Further down the arterial tree, conduit vessels branch to become arterioles, which have muscular walls con-
sisting of only a few layers of smooth muscle. Given their diameter and their response to neural and humoural
stimulation, these vessels are the primary site of vascular resistance. They give rise to the capillaries, which
connect the arterioles to the venules. Capillaries are the smallest blood vessels in the body, with a diameter
of 5-10 um, and are therefore perfectly structured for the exchange of gases, nutrients and metabolites
between the blood and the tissues.

Blood leaving the capillary networks enters the venous circulation via the venules (7-50 pm diameter).
Venules are structured with an inner lining of endothelial cells, a middle layer of poorly developed muscle
tissue and an outer layer of fibrous connective tissue, which is the thickest structure in veins. The middle
layer is very porous, such that fluid and blood cells can migrate through its walls. Venules unite to form
veins, which ultimately function to return blood from the tissues and organs to the heart. Whilst the veins
process larger diameters then venules, they are structurally the same, with a thin middle layer of muscular
tissues (tunica media), which collapses when the vessels are not filled with blood. Given the low density of
smooth muscle, these vessels do not have a significant contractile function, and as a consequence can
become engorged with blood. Indeed, the veins can contain up to 60% of total blood volume during times
of extended standing or sitting or on exposure to passive heating. The return of blood to the heart is
facilitated by activation of the skeletal muscle pump and by the respiratory pump as a consequence of the
work of breathing. Both these mechanisms advance the column of blood forward to the right atrium of
the heart, and any back flow of blood is inhibited by the existence of intraluminal values that close during
the period of diastole. The veins in the upper body give rise to the superior vena cava, and those of the lower
body to the inferior vena cava. Both transport blood directly into the right atrium of the heart.

The Lymphatic System

Like to the vascular system, the lymphatic system consists of a network of lymphatic vessels that carry lymph
fluid directionally towards the heart. As the blood circulates through the porous capillary networks or pools
within porous veins, plasma and cells ‘leak’ out into the extravascular spaces to form the interstitial fluid.
Each day, approximately 20 1 of blood undergoes capillary filtration, a process that removes plasma whilst
leaving the blood cells contained in the blood vessels. Of the 20 1 of filtered plasma, around 17 1 is directly
reabsorbed into the blood vessels, leaving 3 1 in the interstitial fluid. When this interstitial fluid enters the
initial lymphatic vessels of the lymphatic system, lymph is formed. The lymph fluid moves along the
lymphatic network by intrinsic vessel contraction or external compression via muscle contractions, and
ultimately the lymph vessels empty into the lymphatic ducts, which drain into the subclavian veins near their
junction with the jugular vein. In this manner, the 3 | of filtered plasma is returned to the vascular circulation,
replacing fluid that was previously lost in the periphery. As in the venous circulation, unidirectional flow is
ensured by a series of intraluminal valves. Lymph circulates via lymph nodes, which are major sites of
lymphocyte concentration and act to trap foreign particles and filter the lymph before the return of the fluid
to the blood circulation. The lymphatic system also plays a major role in immune function, but that is
beyond the focus of this chapter.

Control of Blood Flow

Regional blood flow is adjusted according to changes in the resistance to flow through blood vessels, which
in turn is dependent on the diameter of the vessel, the physical characteristics of the blood (viscosity, laminar
versus turbulent flow) and extravascular forces acting upon the vasculature. Of these, changes in vessel
diameter are quantitatively the most important for the regulation of flow, since resistance to flow varies with
the fourth power of the radius of the vessel. Consequently, very small changes in the diameter of a resistance
vessel can initiate dramatic fluctuations in blood flow to the dependent tissues.

Depending on their functional requirements, tissues have varying ranges of blood flow. The rate of flow
through organs such as the brain and liver remains relatively constant, even under conditions of pronounced
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changes in both arterial pressure and cardiac output. In more compliant vascular beds, such as the skeletal
muscle, skin and splanchnic regions (gastrointestinal tract (GIT) and spleen), rates of perfusion can vary
markedly depending upon the prevailing physiological conditions.

The regulation of vessel diameter, the vascular tone, is governed by the relative degree of vasoconstrictor
(smooth-muscle contraction) and vasodilator (smooth-muscle relaxation) tone and the net balance between
the two (see Figure 2.3). There are many factors that mediate vasoconstrictor and dilator tone, which can
be broadly classified as those local (intrinsic) to the blood vessel and those extrinsic (largely neural and
humoural) to it.

Neural Regulation

The sympathetic nervous system influences vasomotor tone in a number of vascular beds. All blood vessels
except capillaries are innervated, with the result that stimulation is dependent upon the distribution and
density of the various subclasses of adrenoceptors. The small arteries and arterioles of the skin, kidney and
splanchnic regions receive a dense supply of sympathetic noradrenergic vasoconstrictor fibres, whereas
those of skeletal muscle and the brain have a relatively sparse supply of these fibres. When stimulated,
noradrenaline is released from postganglionic fibres, which combine with a-adrenoceptors to initiate
constriction of the smooth muscle surrounding the lumen of the vessel, leading to increased resistance to
blood flow and thereby reduced tissue perfusion.

The skeletal muscle and the splanchnic, renal and cutaneous vascular beds are the major determinants of
changes in systematic vascular resistance, which is under sympathetic noradrenergic control. If sympa-
thetic activity to resting limb muscles is completely abolished, there is a two- to threefold increase in blood
flow; conversely, when noradrenergic activity is maximal, resting blood flow is reduced by 75%. During
times of high sympathetic output, any vasoconstrictor activity in skeletal muscle mediated through less
densely populated a-adrenoceptors may actually be modulated by the release of local factors from active
skeletal muscle. Adenosine, adenine, nucleotides, potassium, hydrogen ions and extracellular osmolarity
may directly inhibit smooth muscle-cell contraction by interrupting the vasoconstrictor impulses of
sympathetic nerves.

The resistance vessels in the arterial circulation of skeletal muscle possess f-adrenoceptors, which have a
high affinity for circulating adrenaline. As the exercise effort increases in duration and intensity, adrenaline
concentration increases. This increase leads to stimulation of f-receptors, causing relaxation of the smooth
muscles and a reduction of vascular resistance in skeletal muscle, and therefore an increase in flow.

Controversy still exists as to the contribution of the cholinergic vasodilator pathway to exercise hyperaemia.
Although reflex cholinergic vasodilator responses have been observed in humans during severe mental
stress, it remains unclear whether such a mechanism exerts an influence on muscle blood flow during
exercise. Cholinergic activity is thought to increase muscle blood flow during the initial 10 seconds of
exercise, existing primarily as an anticipatory response to exercise initiated by the cholinergic vasodilatory
pathway in the motor cortex.
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Local Regulating Mechanisms

Local autoregulation of the tone of peripheral blood vessel is achieved by a combination of factors. These
relate to myogenic mechanisms, local metabolic factors and the release of paracrine hormones from the
endothelium.

In small arteries and arterioles, the myogenic mechanism is intrinsic to the smooth muscle. An increase in
transmural pressure (the difference in pressure across the vessel wall) due to a sudden increase in blood
pressure causes a stretch of the smooth muscle. This results in the opening of ion channels, which causes a
depolarisation, leading to smooth-muscle contraction. The consequent decrease in lumen diameter
ultimately causes a reduction in blood flow. The reverse is true when the smooth muscle relaxes: the same
ion channels close, leading to a vasodilation. This intrinsic mechanism operates in an attempt to maintain a
constancy of blood flow in a particular vessel, with vessels in the splanchnic and renal circulations particularly
sensitive to this type of control.

There are various substances either required for cellular metabolism or produced as a consequence of it that
have a direct effect on the diameter of blood vessels and therefore constitute the metabolic autoregulation of
peripheral blood flow. This autoreulatory control is of great significance as it allows the precise matching of
local blood flow to momentary nutritive requirements of the tissue. These local responses can completely
override any background neurogenic constrictor effects that are mediated by the autonomic nervous system.

Vasodilation is evoked by a fall in the partial pressure of oxygen (pO,) in the local vascular bed. Thus, when
the pO, decreases as metabolic activity in the region accelerates, smooth-muscle relaxation occurs and a
vasodilator response is initiated. Various mechanisms have been proposed to explain this process, including
a direct effect of oxygen on the vascular smooth muscle. In addition, as metabolism increases, there are local
increases in the partial pressure of carbon dioxide (pCO,) and the concentration of hydrogen ions (H*),
both of which cause a vasodilator response (the cerebral circulation being particularly responsive to these
changes). In the skeletal muscle, vasodilation is associated with the accumulation of lactate, but this effect is
probably mediated indirectly by changes in plasma pH. It remains unclear how these metabolites promote
vasodilation, but their release during muscle contraction has a similar time course to the release of adeno-
sine and its nucleotides, which are known to be potent vasodilator substances. Potassium is also a powerful
vasodilatory substrate that is released during muscle contraction and has been shown to evoke skeletal
muscle hypaemia. However, the precise mechanism by which changes in these factors mediate vasodilation
and the exact time course of their action remain to be elucidated.

One possible mechanism of action is that these metabolites and ions mediate their response through a direct
effect on the innermost layer of an artery. Endothelial cells are located at the interface between the blood
and the vascular wall, and surprisingly they were once considered a passive layer of static cells. It is now well
established that the endothelium serves as a dynamically active modulator of vasomotor tone and athero-
genic development through the secretion of a number of paracine substances (substances that are released
and act only locally) that play a key role in regulating vascular tone, cell growth, platelet and leukocyte
inhibition, vasoregulation and vasoprotection. Indeed, endothelial dysfunction is associated with a number
of lifestyle-related pathologies and increased risk of cardiovascular disease (CVD). The corollary is that the
endothelium plays a key role in the healthy vascular adaptations associated with increased physical activity
and exercise training.

In response to various stimuli, the endothelium produces a number of paracrine substances that have
marked vasomotor effects. The three most important of these are nitric oxide (NO), endothelin (ET-1) and
prostacyclin (PG1,). NO and PG1, promote smooth-muscle relaxation and a vasodilatory response, whereas
endothelin causes smooth-muscle contraction and vasoconstriction.

Nitric Oxide

It was first demonstrated in the 1980s that the endothelium is essential for vasodilation, when it was observed
that acetylcholine (ACh) stimulated the endothelium to release an agent that relaxed the vascular smooth
muscle. When this was repeated in blood vessels with the endothelium removed, the response to ACh was a
constriction. In time, it was discovered that this effect was mediated by a labile factor known as endothelium-
derived relaxing factor (EDRF), which required an intact endothelium; EDRF was later identified as the
inorganic molecule NO. Furthermore, it was demonstrated that vascular endothelial cells synthesise NO from
arginine, using the enzyme complex nitric oxide synthase (eNOS), located in the endothelium (Figure 2.4).
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The importance of NO release to the endothelium was confirmed by studies that inhibited the eNOS
complex. In the absence of NO, baseline blood flow was reduced by 50% and resistance to blood flow
through the tissue was markedly increased. These observations demonstrated the importance of NO as an
essential factor released from the endothelium, allowing for tonic vasomotor control and vasodilation in
humans. It is also now recognised that arterial remodelling is shear stress- and NO-dependent and acts in a
manner that homeostatically regulates wall shear stress. This provides direct evidence that the dilator action
of endothelium-derived NO contributes to the control of basal and stimulated regional blood flow in
humans, and therefore suggests that an impairment of NO production might account for the abnormalities
in vascular reactivity that characterise a wide variety of disease states.

Mechanisms that Mediate Vasodilator Function

Endothelial shear stress is created by the frictional flow of blood on the endothelial surface of the arterial
wall. The nature of flow through a vessel is dependent on the velocity of flow and on any obstructions. Flow
is usually characterised as either laminar or turbulent, with ‘laminar flow’ referring to a smooth, undisturbed
flow. Turbulent blood flow occurs at sites of vessel bifurcation, where there is vascular damage or where
blood-flow velocities are high. The cardiac cycle, and therefore the pulsatile nature of arterial blood flow,
provokes constant changes in the direction and magnitude of flow. Usually, in straight arterial segments,
shear stress is pulsatile and unidirectional and creates a constant mechanical deformation of the vessel wall.
In contrast, in regions where disturbed laminar flow occurs, pulsatile flow generates an oscillatory shear
stress, creating a greater deformation.

The mechanical deformation resulting from shear stress and from the strain associated with stretch of the
vessel wall is detected by a mechanosensor, which allows the influx of extracellular Ca?* and Na* ions into
the endothelial cell through the opening of ion gates. This initiates a variety of signalling systems, which are
responsible for triggering the functional responses. As a result, intracellular Ca?* ion concentration
increases, activating eNOS and leading to the production of NO from arginine (Figure 2.5). Once formed,
NO diffuses across the cell membrane and stimulates an increase in guanylyl cyclase (GC) concentration,
resulting in an increase of cyclic guanosine monophosphate (cGMP) levels. cGMP is derived from guano-
sine triphosphate (GTP) via the catalysis of NO on soluble guanylate cyclase. It acts as a secondary mes-
senger, and its likely mechanism of action is activation of intracellular protein kinases in response to the
binding of membrane-impermeable peptide hormones to the external cell surface. Additionally, cGMP
inhibits the influx of extracellular Ca?', decreases inositol triphosphate (IP?) levels and increases
vasorelaxation. Once cGMP is produced, it has the potential to provide protective effects against the
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Figure 2.5 Mechanisms of shear-stress activation of eNOS and relaxation of vascular smooth muscle

development of atherosclerosis by reducing the influx of calcium through L-type calcium channels and
stimulating a cGMP-sensitive phosphodiesterase, which in turn reduces the concentration of cGMP.

The importance of the endothelium in detecting increases in flow and promoting flow-mediated dilation is
evidenced by studies that have either removed the endothelium or altered the pattern of shear stress. In the
former, flow-mediated dilation was abolished. In the latter, when exercise training was conducted with
reduced patterns of shear stress, the usual training-induced upregulation of NO release and consequent
vascular remodelling did not occur.

Haemodynamics

Having discussed the structural anatomy and physiology of the vasculature system, it is pertinent to discuss
the physical factors that govern the flow of blood in the circulation. These factors are based on a fundamental
law of physics, Ohm’s law, which states that current (I) equals the difference in voltage (AV) divided by
resistance (R). In the context of the circulation, the voltage difference is the pressure difference between
points in the circulation (AP; the driving pressure, perfusion pressure or pressure gradient) and the resistance
is the resistance to blood flow due to the radius of a particular blood vessel. The current in Ohm’s law
becomes flow in the circulation:

AP_P, -,

Equation 2.1
R (Eq )

Ohm’slaw/l :% becomes F =

Equation 2.1 shows that flow through any vessel is dependent on the pressure gradient between any two
points in the vessel, divided by the prevailing resistance to flow. Flow is usually measured across an organ,
muscle or tissue, where AP is the difference between arterial (P,) and venous (P,) pressure. Furthermore,
this concept can be extended to derive an equation for the circulation as a whole:

F :£ becomes Q :M—AP (Equation 2.2)
R STVR

where Q = cardiac output, MAP =mean arterial pressure, SVR =systemic vascular resistance.

When described in this manner, whole-body flow (or cardiac output) is determined by the driving force (mean
arterial pressure) divided by the resistance (systemic vascular resistance) against which this force must operate.
The systemic vascular resistance, in turn, is a product of all the resistances offered by the calibre of each blood
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vessel in the body. SVR is therefore critically dependent on the vascular tone (contraction or relaxation) of the
resistance vessels. In Equation 2.2, the change in pressure from the aorta to the vena cava as it enters the right
atrium is given as MAP. Given that the central venous pressure at this point is close to zero, the pressure change
across the circulation is therefore generally assumed to be the mean arterial pressure across the cardiac cycle
(SBP - (SBP-DBP)/3).

This equation can be rearranged to give:

MAP =Q xSVR (Equation 2.3)

The mean arterial pressure becomes the product of cardiac output (driving force) and the total resistance
to flow. Mean arterial pressure is a tightly controlled variable and the subject of negative feedback control.
Arterial pressure is regulated within a narrow range and usually has an operating point around 90 mmHg in
healthy adults. Regulation is maintained on a beat-to-beat basis by the baroreflex. The baroreflex operates
by measuring pressure through pressure sensors located in the carotid sinus and the aortic arch. These sen-
sors have their nerve endings located in the vessel walls and respond to changes in wall stretch. For example,
if blood pressure increases, there is increased stretch in the carotid sinus and aortic arch, the nerve endings
of the baroreceptors fire and neural signals are sent to the cardiovascular control centre in the brain stem.
The increase is pressure is detected at the cardiovascular control centre and a reflex reduction in sympathetic
activity and an increase in parasympathetic activity are initiated. This change in autonomic activity results
in a decrease in cardiac output (via decreased heart rate) and a decreased contractility in blood vessels,
resulting in a decreased resistance to flow. The attendant reduction in Q and SVR results in a lowering of
pressure, hence resolving the pressure increase.

Although baroreceptors respond to increases and decreases in pressure, they mainly exist to correct for sudden
reductions in pressure. For example, on standing, there is pooling of blood in the lower limbs due to the effect
of gravity. This creates an instantaneous fall in MAP that is detected by the baroreceptors and resolved by an
increase in sympathetic activity (as well as a decrease in parasympathetic activity), which increases heart rate
and constricts the smooth muscle of the blood vessels, thereby increasing Q and SVR and immediately
correcting MAP upwards. In this manner, the driving force for brain blood flow is preserved.

Another example of a reduced pressure signal is at the onset of exercise. As muscle contraction occurs, there
are marked changes in metabolism and marked increases in some factors (e.g. adenosine, potassium, etc.)
that cause relaxation in the blood vessel of skeletal muscle. This vasodilation causes a decrease in resistance,
which increases flow. The increase in flow itself will increase shear stress on the endothelium and activates
the release of NO, causing a further decrease in resistance. On the onset of whole-body exercise, SVR
reduces markedly, causing a precipitous fall in MAP. This is detected by the baroreceptors and results in a
marked increase in sympathetic activity, which increases both Q and vasoconstrictor activity and so increases
resistance to flow through compliant circulation (such as in the skin and GIT). In this manner, MAP is
preserved and slightly increased during dynamic exercise. In addition, during exercise, cardiac output is
maintained by an increase in preload, as venous return is augmented by the activity of the muscle pump.

Conclusion

This chapter summarises the basic structure and function of the vasculature and provides an explanation of
the control of blood flow and cardiovascular regulation of blood pressure. This discussion provides the
necessary platform from which to discuss the acute and chronic adaptations that occur in the cardiovascular
system with exercise and training and in response to the development of pathology.
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Introduction

Despite centuries of research, our understanding of exercise metabolism is still evolving. In 1777, Lavoisier
described energy production as a combustion process producing heat and carbon dioxide, whilst in 1859, by
measuring blood temperature, Claude Bernard showed that this process did not occur in the lung but rather
in several other organs, including the skeletal muscles. Even as late as 1985, George Brooks demonstrated that
lactate did not cause muscle acidosis, but was a substrate rather than an end product. This chapter presents a
summary of our current understanding of energy-production pathways during exercise of varying intensities.

Primary Sources of Energy in the Human Body

Basal Metabolic Rate and Energy Storage

The basal metabolic rate (BMR) corresponds to the absolute (i.e. kJ.h™! or day) or relative (i.e. k].h™1.kg™)
rate of energy expenditure at rest, in a thermoneutral environment. It is mainly related to the energy
expenditure of the liver (~27%), brain (~19%), skeletal muscles (~18%), kidneys (~10%), heart (~7%) and
other organs (~19%). BMR is dependent on the metabolism, which is regulated by the hypothalamus via
control of the autonomic nervous system, emotional status, body temperature and food intake.

Several equations (e.g. the Harris—Benedict equation) have been developed to estimate BMR based on sex,
age, body mass and height (i.e. an index of body surface area). More recent equations (e.g. the Katch—
McArdle equation) are based on lean body mass, in order to take into account the difference in metabolic
activity between lean mass and body fat, and to negate the effect of sex. BMR can also be directly measured
at complete rest by analysis of the expired gasses, averaging ~6300k].day™! with large inter-individual differ-
ences (between ~4300 and ~10 500 kJ.day™!) [1]. BMR represents the majority of an individual’s total energy
expenditure, followed by the specific and additional requirements for physical activity, thermogenesis and
food digestion. Daily calorie needs might therefore range from ~1.2 to 2.0 times the BMR, but of course
vary considerably depending upon the duration and intensity of physical activity. For example, a 100 m run
requires ~130 kJ, a 400 m run ~370 k] and a 10 000 m run ~3350 kJ. In comparison, the available energy
stores for a 70 kg man with ~25 kg muscle mass are approximately:

e 5 k] from adenosine triphosphate (ATP) + 20 kJ from phosphocreatine (PCr)
* 400 kJ from substrates in the blood circulation (e.g. glucose)

* 600 kJ from liver glycogen

* 4000 kJ from muscle glycogen

* 80 000 kJ from protein (e.g. free amino acid)

* 450 000 KJ from lipid (e.g. triglyceride)

10C Manual of Sports Cardiology, First Edition. Edited by Mathew G. Wilson, Jonathan A. Drezner and Sanjay Sharma.
© 2017 International Olympic Committee. Published 2017 by John Wiley & Sons, Ltd.
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Notably, muscle storage of ATP and PCr is not sufficient to cover even a 100 m run. ATP has therefore to
be continuously resynthesised from other substrates.

Energy Sources for Muscle Contraction

Adenosine Triphosphate (ATP)

Whilst ATP has several roles in cell structure and signalling, it is the only molecule (i.e. chemical energy)
that can be used by the muscle to produce a contraction (i.e. mechanical energy). ATP is composed of an
adenosine nucleotide (a monomer of RNA, comprising an adenine base and a five-carbon ribose sugar) and
three phosphate groups (triphosphate). The chemical bonds of the two terminal phosphate groups store
large amounts of energy, with the breakage of these bonds providing the energy required for muscular
contraction. The removal of these phosphate groups converts ATP into adenosine diphosphate (ADP) and
adenosine monophosphate (AMP).

Approximately 5 g of ATP is used at any one time for various cellular functions, representing around
50-75 kg of ATP (i.e. 100—150 moles) per day. However, ATP stores are small (0.2-0.5 mole, representing
100-250 g), with ATP having to be continuously recycled from ADP and AMP using energy sourced from
other substrates. The substrates necessary for ATP recycling are provided by the alimentation. Proteins
are broken down into amino acids (by proteolytic enzymes), fat into simple lipids (by lipases) and carbo-
hydrate into glucose. These amino acids, simple lipids and glucose can be transformed into pyruvate and
then an acetyl coenzyme A (acetyl-CoA) to enter the citric acid cycle before oxidative phosphorylation
takes place (Figure 3.1). ATP production can occur with or without oxygen (O,), but much more ATP is
produced per mole of substrate in the presence of O,.

Glycolysis

Glycolysis is the first stage of both aerobic and anaerobic respiration. It allows the transformation of the small-
est form of carbohydrate that the digestive system can produce (i.e. six-carbon glucose) into two three-carbon
pyruvate molecules. The main intermediate molecules in this process are successively: glucose, glucose-6-
phosphate, fructose-6-phosphate, fructose-1,6-biphosphate, dihydroxyacetone phosphate, glyceraldehyde-3-
phosphate, 1,3-bisphosphoglycerate, 3-phosphoglycerate, 2-phosphoglycerate, phosphoenolpyruvate and pyruvate.
The first (preparatory) step of glycolysis requires energy (2 ATP +nicotinamide adenine dinucleotide NAD-)),
but more high-energy molecules are thereafter produced during the second (pay-off) phase (4 ATP + 2 reduced
NAD). This process occurs in the cytoplasm and does not require O,. It allows a net production of 2 ATP per
glucose molecule or 3 ATP per glycogen molecule. In the absence of O,, pyruvate can be transformed into
lactate (whilst regenerating oxidised NAD), which can be utilised by various organs, including the brain and
myocardium or muscle cells (e.g. type I), or converted into glucose via gluconeogenesis in the liver via the Cori
cycle (Figure 3.1). In the presence of O,, pyruvate and reduced NAD will further generate ATP in the
mitochondria.

Citric Acid Cycle

Once in the mitochondria, pyruvate will lose a carbon dioxide group to form an acetyl-coA, which will enter
the citric acid cycle (also called Krebs cycle or tricarboxylic acid (TCA) cycle) (Figure 3.1). The citric acid
cycle can be briefly summarised as a series of eight enzyme-catalysed chemical reactions, representing the
main part of the aerobic respiration. It is initiated with the formation of citrate from the combination of the
acetyl-coA with oxaloacetate, followed by the successive production of isocitrate, alpha-ketoglutarate,
succinyl coA, succinate, fumarate, malate and oxaloacetate. Oxaloacetate will then combine with a new
molecule of acetyl-coA for another cycle. For every cycle, one ATP and three NADHs are produced. As a
glucose molecule produces two pyruvate molecules, it will generate two ATPs and six reduced NADs
through the citric acid cycle. Notably, both the transformation of pyruvate into acetyl-coA and the citric acid
cycle release CO,.

Electron Transport Chain and Oxidative Phosphorylation

The reduced NADs produced during glycolysis and the citric acid cycle are coenzymes containing electrons
with a high transfer potential. These electrons can be transferred to O, in the mitochondrial membrane
through a series of steps, ultimately producing a molecule of water (electrode transport chain). These redox
reactions release energy at each step and can be used to pump hydrogen protons (H*) through the inner
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Figure 3.1 Simplified representation of the muscle metabolism

membrane towards the intermembrane space (Figure 3.1). This creates a pH gradient across the inner
membrane. This electrical potential is used in a second phase (ATP synthase) to attach inorganic phosphate
(Pi) to ADP in order to generate ATP.

In summary, the oxidation of one molecule of glucose through glycolysis, the citric acid cycle and oxidative
phosphorylation could ideally produce 38 ATPs. However, reduced NAD transport from cytoplasm to
mitochondria requires 2 ATPs, decreasing net ATP synthesis to 36. Moreover, leakage of protons and other
inefficiencies may decrease the actual production of ATP in vivo to approximately 30 per molecule of
glucose.

Interacting Energy Systems During Exercise

ATP provision relies on two anaerobic (phosphagen and glycolysis) and one aerobic pathway. Muscle
phosphagens (i.e. ATP and PCr) represent a pool of immediately available energy for the onset of exercise,
acute intensity changes and very high-intensity actions. There is, however, a limited pool of phosphagen.
Phosphagen can be rapidly resynthesised by anaerobic glycolysis, allowing for repeated high-intensity
exercise (sometimes referred to as the ‘lactic anaerobic’ pathway). According to the glycogen-shunt
hypothesis, this rapid ATP/PCr resynthesis (Figure 3.2) may originate more from glycogen metabolism
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(glycogenolysis) than from glucose metabolism (glycolysis) [2]. However, muscle acidosis resulting from the
anaerobic glycolysis/glycogenolysis byproducts leads to muscle fatigue. Sustaining exercise relies therefore
on oxidative phosphorylation (generally referred as the ‘aerobic pathway’), and larger PCr resynthesis
cannot be maintained without oxygen [3].

Phosphocreatine (PCr) and Glycolysis During Sprint(s)

The ATP requirement for muscle contraction can be instantaneously matched by PCr (Figure 3.2).
Muscular PCr allows for fast and immediate ATP resynthesis, and represents 45-50% of the energy
source for maximal sprinting (Figure 3.3). However, PCr stores can be reduced by 50% within seconds
of sprint activity, and require more than 5 minutes to be fully restored (Figure 3.2). PCr availability is
therefore likely to represent the main limiting factor during repeated sprints with recovery durations
below 60 seconds. This mainly affects type IIx or IIb fibres that rely on PCr (more so than type I fibres).
The remaining energy during a maximal sprint is derived from glycolysis. When sprinting activity is
repeated, the contribution of glycolysis decreases dramatically [4], to be progressively replaced by aerobic
pathways [5]. The high glycolytic activity during such high-intensity exercises leads to the accumulation
of lactate, hydrogen ions and other byproducts.

Lactate Kinetics During High-Intensity Exercise

Lactate is constantly produced from pyruvate via the enzyme lactate dehydrogenase, with resting blood
concentration approximately 0.5-2.0 mmol.L"!. Used by various organs and cells, it is the primary
energy source for neurons in the brain. During very intense exercise, however, lactate production during
glycolysis will be higher than lactate flux and utilisation, and thus blood concentrations can reach over
20 mmol.L"!. Consequently, it was believed during most of the 19th and 20th centuries that when lactate
production exceeded buffering capacity, it caused a decrease in cellular pH (called lactate acidosis) and,
in turn, muscle fatigue. However, acidosis is caused by reactions other than lactate production; lactate is
simply an indirect marker of these coinciding reactions [6]. Following the seminal work of Prof. George
Brooks, several studies have shown that lactate should be considered a substrate that can travel
(Figure 3.1) and can be used intracellularly and intercellularly, rather than an end product [7]. Moreover,
lactate production actually delays but does not cause acidosis, and if muscle did not produce lactate,
acidosis and muscle fatigue would occur more quickly [6]. The muscle acidosis resulting from the anaer-
obic glycolysis byproducts generates muscle fatigue, and sustaining exercise relies therefore on oxidative
phosphorylation.
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Figure 3.3 Example of energy contribution (arbitrary units) during sprints of less than 10 seconds, repeated with
less than 30 seconds of rest (Source: Adapted from Gaitanos et al. [4] and Girard et al. [5])

VO, Kinetics Responses to Submaximal Exercise

Oxidative phosphorylation requires the delivery of O, and the clearance of carbon dioxide (CO,) through
ventilatory, cardiovascular and muscular adaptations (Figure 3.4). Whilst pulmonary (p) and muscle (m)
oxygen uptake (VOZ) may closely match ATP requiremept during steady-state moderate exercise, these
adaptations are not immediate. At the onset of exercise, mVO, requires ~2-3 minutes to reach steady state,
during which the ATP supply is provided by muscle PCr, followed by anaerobic glycolysis. This nonoxida-
tive contribution until steady state is termed ‘O, deficit’.

Modelling the pVO2 response at the onset of exercise provides a valuable indicator of the underlying mVO2
profile (within 10%) and the magnitude of the incurred O, deficit, thus providing a physiological profile of
the interaction between oxidative and nonoxidative metabolism during exercise [8]. After a short delay,
representing the muscle-to-lung blood transit time, p\'/'O2 rises along a time course that can be assessed by
a single-exponential function. An exponential profile is effective for ensuring a rapid response, because it
means that the highest rate of change will occur when the difference between what is required (ATP demand)
and what is available is the greatest. Thus, besides the maximal VO2 (VOZmax) , the exponential rise in pVO2
as determined by the time constant (t!) in the transition to exercise intensity should also be considered a
factor of aerobic exercise performance.

\'IO2 Responses Depend on Exercise Intensity

pVO2 kinetics during the early transition phase, and whether it reaches steady state or not, depends on exer-
cise intensity. To provide a frame of reference for investigating pVO, kinetics during exercise, four discrete
exercise intensities can be proposed: moderate, heavy, severe and extreme (Figure 3.5). ‘Moderate’ is defined
as all exercise intensities that fall below the blood lactate threshold (LT} the highest exercise VO2 achieved
without a sustained increase in blood and muscle lactate concentration) or its noninvasive equivalent, the
ventilatory threshold. Within this domain, pVO2 rises with single-exponential kinetics, following an initial
short phase, and attains steady state within approximately 2-3 minutes (t ~30 seconds), with an O, cost of
exercise of ~10 mL.min 1.W~! [9].

It is a measure of the time required for\'/O2 to reach 63% of the final amplitude.
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Figure 3.4 Interplay between respiratory, cardiovascular and muscular system. Gross mechanical efficiency can
be estimated as the ratio of external work to the metabolic energy expenditure (pVO2). PaCO,, arterial partial
pressure of carbon dioxide; c(a—v)O,, difference in O, content between systemic arterial and mixed venous blood;
VE, minute ventilation; RER, respiratory exchange ratio; Q, cardiac output; SV, stroke volume; HR, heart rate; RQ,
respiratory quotient

The upper boundary of the ‘heavy’ intensity is defined by the maximal lactate steady state (the highest power
output at which a balance between the entry and removal of lactate within the blood is achieved) and/or the
critical power (CP) (the asymptote of the hyperbolic relationship between power output and time to exhaus-
tion) [10]. At this intensity, there is a nonlinear increa}se in the power output—VO2 relationship and the O,
cost of exercise increases to 12-13 mL.min™".W~!. pVO, either reaches a delayed steady state above that
predicted from lqwer power outputs or continues to increase until the end of exercise. This @ncreased O, cost
is termed the ‘pVO, slow component’ [9]. Interestingly, the onset and amplitude of the pVO, slow compo-
nent are similar to the onset and amplitude of a slow-component phase in the fall of intramuscular PCr, as
determined using phosphorus-31 magnetic resonance spectroscopy (*'P-MRS) in Layec et al. [11]. This
suggests that the ‘origin’ of the pVO2 slow component in healthy participants resides within the contracting
muscle, and to a lesser extent the O, cost of ventilation or cardiac work. The recruitment of higher-order
type II muscle fibres and their associated metabolic properties, such as a low capacity for oxidative ATP
synthesis and a higher O, and PCr cost for muscle contraction, has been proposed as the main causative
factor for the slow-component phenomenon [10].

26




3 ¢ Energy Production Pathways During Exercise

Extreme

5000 1 VO,max
Severe " W o
Critical power A [ | k%)
4000 - R o
H A et §|<-"
eavy | ()
_ Lactate 330W %
‘TE 3000 4 threshold . M : N A l | _;_
o
E Moderate 2
£ 216W g
1))
S’ 2000 70W g
o
g
i LA , <
1000 WM‘ \L,JU'\K{M& 4 g
0

0 T T T —
-2 0 2 4 6

Time (min)

Figure 3.5 lllustration of the four exercise-intensity domains, with actual VO, response to moderate- (steady-state
achievement) and severe- (slow component) intensity exercise in a representative trained subject. The vertical arrow
delineates the onset of exercise

For severe-intensity exercises (i.e. above CP but be}ow VOZmax), following the exponential phase, the p\'/'O2
slow component rises rapidly with tims; and attains VO, _ . The higher the projected exercise inter_lsity above
CP, the lower the magnitude of the pVO, slow component, such that at power outputs .close toVO,_ ,the
pVO, response follows a single-exponential funct.ion that is truncated within minutes atVO,___ (Figure 3.5).
During extreme-intensity exercise (i.e. beyond VO, ), the tolerable duration of exercise is usually <140
seconds (i.e. around four times a t of ~30 s), with VOZmax normally achieved. No pVO2 slow component can
be discerned here.

Measurement of Energy Sources
Power Output as a Surrogate for Anaerobic Metabolism

‘Alactic’ and ‘lactic’ anaerobic pathways are generally wrongly interpreted as physical tests to measure power
output (e.g. from jump or sprint test), rather than metabolism per se. In the 1980s and 1990s, anaerobic
performance was commonly classified as ‘anaerobic power’ and ‘anaerobic capacity’, estimated on cycle
ergometer by the force—velocity test (repetitive short maximal sprints against increasing braking force) or the
Wingate test (30 seconds’ all-out sprint), respectively. Since the 2000s, the flywheel inertia has been integrated
into power calculations, allowing maximal ‘anaerobic’ power testing to occur on a single sprint. This has since
allowed for testing of repeat power, or ‘repeated-sprint ability’ (RSA). RSA is generally evaluated by calculating
a decrement score across 5-10 maximal sprints, interspersed with short recovery periods (usually 24-30
seconds) [5]. However, all physical tests rely on the three energetic pathways.

Biochemical Method

The anaerobic pathway is sometimes indirectly assessed via the measure of certain metabolites, such as lactate
or pyruvate. However, such measures depend on diffusion and elimination processes. It is therefore preferable
to measure muscle rather than systemic concentrations. By comparing muscle biopsies taken prior to and after
the first and last of 10 repeated sprints, Gaitanos et al. [4] showed a decrement in PCr concentration, an
increase in metabolic byproducts (i.e. lactate and Pi) and a lowered pH. This technique has also been trans-
ferred from the laboratory to the sporting field, showing that glycogen depletion may persist for several days
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after sporting activities such as a football game [12]. Notably, this technique allows for the characterisation of
different muscle fibre types, including: type I (predominantly oxidative, slow twitch characteristics), type Ila
(both oxidative and glycolytic, moderately fast), type IIb (predominantly glycolytic, very fast) and type IIx
(mixed myosin heavy chain from IIa and IIb). However, the temporal specificity of the biopsy technique is
limited, and noninvasive techniques are preferred for continuous recording.

Nuclear Magnetic Resonance

3IP-MRS allows for noninvasive estimations of ATP, ADP, PCr and Pi concentrations (continuously, both at
rest and during exercise), along with pH. One of the first >*P-MRS studies reported that intracellular pH
may drop to 6.0 or below, with a recovery depending on H* export, whereas post-exercise PCr recovery
depends on oxidative metabolism [13]. Subsequent *'P-MRS studies demonstrated that the kinetics of the
muscle phosphates, specifically the breakdown of muscle PCr, holds a close temporal relationship with the
exponential rise in pVO2 during exercise transitions, thus supporting the notion that two variables are
mechanistically coupled [8].

Excess Post-Exercise Oxygen Consumption

Energy demands during transition phases have to be matched by PCr and glycolysis, but also by venous O,
stores and possibly myoglobin desaturation. This ‘oxygen debt’ is compensated by an increased rate of O,
intake following intense exercise, called ‘excess post-exercise oxygen consumption’ (EPOC). EPOC was
originally linked to the clearance of lactic acid, but direct and indirect calorimeter experiments have shown
that the kinetics of post-exercise pVO2 and lactate clearance are dissociated [14]. EPOC is thus linked to a
range of factors that increase O, consumption, among which an elevated temperature may have a primary
role [14]. These factors include recovery of hormone balancing, replenishment of fuel stores (including
PCr), cellular repair and oxidation of lactate into pyruvate.

Oxygen Uptake

Human skeletal muscle‘is highly dependent upon oxidative metabolism. Resting_VO2 is ~0.3 L.Lmin~! and can
reach maximal values (VO,__) of ~5 L.min™'. The measurement of whole-body VO, by means of measuring
pulmonary gas exchange has become an established method for studying energy expenditure in the field of
both sports science and medicine. The maximum rate of energy supplied by aerobic metabolism is much less
than that of the anaerobic system and is limited by the maximum rate of oxidative metabolism (expressed as
VOZmax).The assessment of changes in pVO2 (1) is the most commonly used technique fqr measuring pVO2
kinetics, because it is noninvasive, relatively accessible and permits measurement of pVO, kinetics whilst
performing different exercise modalities (i.e. incremental, constant work rate, impulse or random sequence).
Anoj[her feature commonly used to describe the pVO2 on-kinetics response is the pVO2 functional gain
(ApVO,/AWR), which describes the efficiency (or its inverse) of a given exercise-intensity transition.

Muscle Oxygenation

Recent advances in near-infrared spectroscopy (NIRS; a noninvasive optical method which penetrates tissue
several centimetres deep) provide the temporal resolution necessary to dynamically examine muscle micro-
vascular haemoglobin concentration and oxygenation during exercise. Using multiple wavelengths in the
near-infrared range (700-900 nm), the concentration of tissue constituents such as oxy-haemoglobin
(HbO,), deoxy-haemoglobin (HHDb) and cytochrome c-oxidase can be quantified. Due to their identical
spectral characteristics, haemoglobin and myoglobin are not separated in the near-infrared region. Whilst
thf; NIRS signals obtained are considered to reflect the balance between O, delivery and utilisation, local
mVO, can be estimated by the use of an arterial or venous occlusion approach [15]. Furthermore, by
normalising both the HHb and pVO, signals, the time courses of adjustment for O, utilisation and O,
extraction can be directly compared. Importantly, Grassi et al. [16] point out the ‘striking similarities’
between increases in [HHD] and decreases in the microvascular partial pressure of O, during the exercise
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on-transient. Nevertheless, because the precise contributions of arterial and venous circulations within the
microvasculature cannot be known, NIRS does not provide a quantitative estimate of arteriovenous O, con-
tent difference. To summarise, NIRS offers the opportunity to evaluate the contribution of specific muscles
to whole-body exercise, evaluate muscle oxygenation kinetics during and after exercise and gain insight into
training-related changes. For a better understanding of the control of energy production during exercise in
humans (i.e., inertia of O, delivery and O, utilisation mechanisms and alterations in muscle energy cost), it
would be best to combine NIRS, 3'P-MRS and pulmonary gas exchange measurements [11].

Training Effect

Depending on the volume, intensity and frequency of exercise sessions, training leads to numerous adap-
tations, including cardiovascular, cardiorespiratory and metabolic adaptations, that will influence energy
production and utilisation. In endurance-trained persons, these adaptations are commonly measurable
via improvements in VOZmax, efficiency or exercise economy, CP, p\'702 kinetics, LT and performance.

Anaerobic Energy Production

Performance increases from the first week of high-intensity (e.g. sprints) or resistance training, through an
increase in muscle activation or an improved intermuscular coordination (e.g. agonist/antagonist ratio).
Enzymatic, histological and structural muscle adaptations will only occur after ~4 weeks. Training can
increase the muscle storage of high-energy phosphate (PCr) and other energy molecules (e.g. fats and
carbohydrates). Training increases glycolytic enzymatic activity [17] and may enhance the rate of PCr resyn-
thesis [18]. Training does not seem to clearly modify lactate production but does improve lactate clearance,
suggesting an upregulation of the monocarboxilate transporter (MCT; Figure 3.1) [7]. Finally, training can
promote an increase in fibre area (i.e. hypertrophy) and a change in fibre type. However, the change from
an oxidative to a glycolytic type may be slower than the reverse.

Oxidative Phosphorylation

Prolonged periods of endurance training enhance mitochondrial oxidative enzyme activity and increase
mitochondrial volume density in skeletal muscle. Such mitochondrial biogenesis adaptations, combined
with the increase in capillaries and muscle blood flow in the trained muscles, improve the oxidative capacity
of the endurance-trained muscle. Endurance training also increases the capacity of skeletal muscle to store
glycogen and to use more fat as an energy source, leading to a glycogen storage economy. The increased
capacity to use fat following endurance training results from an enhanced ability to mobilise free fatty acids
from fat depots and an improved capacity to oxidise fat consequent to the increase in the muscle enzymes
responsible for fat oxidation.

Following a 6-month endurance-training period, increases in VOZmax generally range from 15 to 20%. As
indicated before, slower pVO, kinetics is associated with a greater depletion of [PCr], greater accumulation
of blood [lactate] and H* apd a greater O, deficit. Cross-sectional studies examined by Jones and Koppo
[19] have shown a faster pV'O2 response (i.e. smgller 7, faster steady-state attainment) in trained than in
untrained subjects. Notabl'y, VO, .. is related to pVO, kinetics in athletes with similar training programmes,
and athletes with higher VO, _ values show faster t values. In the same vein, longitudinal studies have
shown training-induced reductions in T during both moderate- and heavy-intensity exercise [19]. In the
early stages of training, an intensification of ‘parallel activation’ of oxidative phosphorylation (i.e. all oxida-
tive phosphorylation complexes, complex I, III and IV, ATP synthase, ATP/ADP and Pi carrier, are directly
activated, probably by some Ca2*-related mechanism) could account for the shortening of pVO2 response,
preceding the enhanced mitochondrial biogenesis or capillarisation in the trained muscles.

Endurance or High-Intensity Intermittent Training?

Interestingly, repeated bouts of high-intensity exercise or high-intensity intermittent training (HIIT) have
been shown to be better than endurance training (submaximal intensities) at inducing fat loss. HIIT cor-
responds to repeated short high-intensity exercise bouts (>80% VO, _ or >90% max. heart rate) lasting
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between 6 and 120 seconds, followed by a rest period consisting of between 12 seconds and 4 minutes; the
total duration of exercise can last from 2.5 to 60.0 minutes. To date, there are some indications of changes
in whole-body carbohydrate (decreased) and lipid oxidation (increased) after HIIT training; the latter may
also improve glycaemic control and insulin sensitivity (explained in part by an increased glucose transporter
type 4 in the muscles). HIIT may also improve aerobic adaptations, with some studies suggesting improved
muscle oxidative potential (reflected by changes in the expression of a key metabolic regulator, peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1 «)) after sprint-type training, and pro-
posing that an increase in mitochondrial density and oxidative enzyme (citrate synthase) activity occurs with
a lower weekly training volume. Thus, HIIT exercise may enhance mitochondrial metabolic capacity and/or
oxygen supply at an early stage of a training period, which may speed up the pVO2 response at the onset of
exercise. HIIT exercise involves all three energy systems, with the initial maximal-effort high-intensity bout
using the ATP-PCr system to meet energy demands and glycolysis contributing to energy supply thereafter.
The recovery period following HIIT exercise may play a large role in inducing an energy deficit, due to
recovery processes associated with EPOC, including purine nucleotide metabolism.

Conclusion

Muscle contraction relies on ATP breakdown. Human can use various substrates to resynthesise ATP, some
of which are instantaneously available within the muscle (e.g. PCr), others of which require multiple trans-
formations (e.g. complex lipid). Acute ATP requirement at the onset of exercise or during transition-phase
or high-intensity exercises will be covered by PCr. PCr stores are limited but can be rapidly resynthesised by
anaerobic glycolysis. However, anaerobic glycolysis byproducts create muscle acidosis, and prolonged
exercises therefore rely on oxidative phosphorylation. Oxidative phosphorylation requires cardiorespiratory
adaptations for O, delivery and CO, clearance. These adaptations are not immediate but are trainable.
The magnitude and rate of adaptation of oxygen uptake is a key factor in performance. Oxidative phospho-
rylation, glycolysis and PCr all work in conjunction, but their predominance in energy production depends
first on exercise intensity and second on exercise duration.
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Introduction

The cardiovascular system supplies oxygen (O,) and nutrients to various tissues (e.g. muscle and brain) and
removes carbon dioxide and waste products from the systemic circulation, both at rest and during exercise.
However, the demands placed on the cardiovascular system during exercise are markedly intensified by the
O, requirements of active skeletal and coronary muscle tissue. To ensure adequate perfusion, blood pressure
rises and cardiac output (Q) is enhanced as heart rate and stroke volume increase. Concomitantly, blood
flow to inactive muscles and less active regions (e.g. splanchnic and renal) is reduced and redirected towards
peripheral vascular beds (i.e. skin) to allow for metabolic heat dissipation. During exercise, the magnitude
of adjustment in the cardiovascular response is primarily based on the relative intensity of effort, duration
and muscle mass recruited. This chapter will examine the cardiovascular responses of healthy individuals
performing acute and chronic exercise, focusing primarily upon the four components of maximal aerobic
capacity (VOZmaX): heart rate, stroke volume, O and O, extraction. Attention will be given not only to the
cardiovascular responses to exercise in males and females but also to the ageing older (i.e. veteran) athlete.

Cardiovascular Responses to Aerobic Exercise

The Cardiovascular Response to Exercise Onset

The onset of dynamic exercise is characterised by an increase in heart rate and stroke volume, along with
adjustments in Q, arterial blood pressure, peripheral resistance and myocardial function. These adjustments
are initiated by autonomic nervous system responses and by the need for O, delivery to active muscles.
Typically, heart rate at rest varies between 60 and 90 beats.min™!, but it can decrease to 30 beats.min™! in
endurance athletes (Table 4.1). The initial increase in heart rate stems from a withdrawal of parasympathetic
activity and an increase in sympathetic stimulation (neural control of exercise onset). Stroke volume also increases
in response to sympathetic stimulation or as a result of greater contractility. The increase in stroke volume,
however, is mainly attributable to an enhanced venous return, due to the action of the muscle pump, which
increases left ventricular end-diastolic volume (EDV).The increased volume and pressure (i.e. preload) cause
the myocardium to stretch and contract more forcefully (i.e. the Frank—Starling mechanism), reducing left
ventricular end-systolic volume (ESV) (Equation 4.1). During exercise at lower work rates (i.e. exercise
intensities), changes in preload contribute more significantly to increases in stroke volume, whereas myocardial
contractility has a larger influence on stroke volume when work rate intensifies. At rest in the upright position,
stroke volume is between 50 and 60ml.beat™! in healthy individuals and 70 and 90ml.beat™ in aerobically
trained athletes.

Stroke volume=EDV — ESV (Equation 4.1)

I0C Manual of Sports Cardiology, First Edition. Edited by Mathew G. Wilson, Jonathan A. Drezner and Sanjay Sharma.
© 2017 International Olympic Committee. Published 2017 by John Wiley & Sons, Ltd.
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Cardiovascular parameter Resting value Range of values
Heart rate (beats.min-") 70 30-90
Stroke volume (ml) 75 50-90
End-diastolic volume (EDV) (ml) 125 65-240
End-systolic volume (ESV) (ml) 50 15-150
Cardiac output (l.min-") 5.25 4.0-8.0
Mean arterial blood pressure (mnmHg) 93 70-115
Systolic blood pressure (SBP) (mmHg) 120 90-140
Diastolic blood pressure (DBP) (mmHg) 80 60-100

Table 4.1 Typical cardiovascular responses at rest for healthy individuals, along with the
range of values observed in trained and sedentary individuals

As a consequence of the increase in heart rate and stroke volume, Q rises to meet the metabolic require-
ments associated with performing a given exercise task (Equation 4.2). Whilst the increase in heart rate is
the primary factor mediating the rise in Q, cardiac performance is also modulated by preload (the extent to
which end-diastolic pressure stretches the ventricles), afterload (the resistance against which the heart must
pump blood) and contractility (the intrinsic ability of the myocardium to shorten/contract).

Q = heart rate x stroke volume (Equation 4.2)

At the start of exercise, systolic blood pressure (SBP) increases in response to the initial increase in Q
It typically increases from ~120 mmHg at rest in young (20-30 years) healthy individuals, following a similar
pattern to that of heart rate. In contrast, diastolic blood pressure (DBP) remains relatively constant from
rest (~80mmHg) to exercise, decreasing occasionally, but by no more than 10mmHg. As a result, mean
arterial pressure (MAP) rises (Equation 4.3).

MAP = % x (SBP - DBP) + DBP (Equation 4.3)

The redistribution of blood flow towards active muscle tissue during exercise is attributable to increased
regional vasodilation. This occurs in response to variations in intramuscular pressure and the presence of
vasoactive compounds (e.g. potassium ions, adenosine, acetylcholine and nitric oxide) [1]. The increased
perfusion is also associated with sympathetic vasoconstriction in less active tissue (e.g. splanchnic organs)
and nonactive muscles. These vasomotor responses decrease total peripheral resistance (TPR), which
ultimately allows for muscle O, availability and MAP to increase (Equation 4.4).

TPR :% (Equation 4.4)

The initiation of exercise also increases the work of the heart, which must pump additional blood in response
to the rise in Q towards not only the working muscles, but also the skin, for the purposes of heat dissipation.
This results in an increase in myocardial O, uptake, which is represented by the rate pressure product (RPP)
(Equation 4.5). The RPP, or double product, reflects the haemodynamic response and myocardial stress
associated with the number of times the heart is required to beat per minute and the arterial blood pressure
against which it is pumping.

RPP = heartrate x SBP (Equation 4.5)

Neural Control of Exercise Onset

Cardiac function and blood pressure increase at the onset of exercise as a result of autonomic nervous
system adjustments, which are characterised by parasympathetic withdrawal and sympathetic activation.
The magnitude of these responses is proportional to exercise intensity and the muscle mass recruited.
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Parasympathetic withdrawal causes an increase in heart rate, whilst sympathetic activation modulates a host
of factors through the interaction of three distinct neural pathways: central command, the exercise pressor
reflex and the arterial baroreflex. Briefly, central command activates motor and cardiovascular control cen-
tres within the brain to establish a pattern of autonomic activity based on the intensity of effort. The exercise
pressor reflex in turn modulates sympathetic tone in relation to mechanical and metabolic signals originating
from the contracting muscles (i.e. group III and IV muscle afferents). The sympathetic activity stemming
from central command and the exercise pressor reflex modulates an increase in heart rate, myocardial
contractility and venoconstriction (i.e. venous return), which increases stroke volume and, ultimately, Q
The arterial baroreflex, activated via increases in blood pressure of between 60 and 180 mmHg sensed in the
aorta and carotid arteries, modulates an inhibitory effect on sympathetic stimulation to ensure that excessive
blood pressure variations are avoided. This is achieved through a progressive resetting of the baroreflex
function curve (i.e. operating point, threshold and saturation pressures), allowing blood pressure regulation
from rest to maximal exercise in an intensity-dependent manner. Recently, it has been proposed that arterial
chemoreceptors also help maintain tonic levels of sympathetic activation during exercise [2].

The Cardiovascular Response to Prolonged Aerobic Exercise

The magnitude of adjustment in the cardiovascular response to prolonged dynamic exercise is determined
by several factors, including exercise intensity, muscle mass, environmental conditions, training status and
genetics. Further, a plateau in cardiovascular function occurs within 2—3 minutes of the beginning of light-
to moderate-intensity exercise (40-75% VOzmax), which is indicative of a metabolic steady state (Figure 4.1).
This signifies the achievement of a balance between the energy required by working muscles and the rate of
O, delivery for aerobic adenosine triphosphate (ATP) production.

Depending on exercise intensity, steady state may continue for between 10 and 30 minutes. Thereafter, a
time-dependent change or ‘drift’ occurs in certain cardiovascular responses (Figure 4.1).This cardiovascular
drift is characterised by a progressive increase in heart rate and decreases in stroke volume and MAP, whilst
Q remains relatively stable [3]. Historically, cardiovascular drift was attributed to a peripheral redistribution
of blood flow, which progressively reduced central venous and arterial pressure, along with stroke volume
[4]. A more contemporary hypothesis suggests that the reduction in stroke volume is primarily due to an
increase in intrinsic heart rate, mediated by the direct effect of temperature on the sinoatrial node and
baroreflex modulation of sympathetic/parasympathetic activity, which decreases ventricular filling time and
concomitantly EDV [5]. Although cardiovascular drift is observed during prolonged exercise regardless of
environmental conditions, a greater drift develops under heat stress, which markedly impairs endurance
exercise performance [4,6]. Similarly, the extent of cardiovascular drift is exacerbated by progressive
dehydration [7], especially during exercise in the heat, as it increases heat storage and reduces the ability to
tolerate exercise heat strain. This most likely occurs because of an inability to maintain Q and a reduction in
skeletal muscle blood flow.

During prolonged submaximal exercise, the increase in MAP is critical, as it allows the blood flow
requirements of various tissues (e.g. brain, heart, skin, skeletal muscles) to be met. The increase in MAP
is mediated almost entirely by a rise in SBP, as changes in DBP are almost negligible. Given the large
vasodilation occurring in active skeletal muscles and cutaneous vascular beds, TPR significantly decreases.
However, MAP increases because the rise in Q is greater than the fall in TPR. In order to supply O, to
working skeletal muscles, the myocardium also increases its O, demand and uptake. The increased work
of the heart is reflected in the RPP.

Blood Flow Distribution During Aerobic Exercise

Exercise causes a redistribution of Q, and hence blood flow, away from so-called inactive regions, towards
active muscles. This redistribution results in a relative shift in the fraction of Q each region receives. Skeletal
muscles receive a particularly large fraction, based on the increasing demand for O,. From receiving a
modest 18-20% of Q at rest, which is directed towards the entire musculature, active skeletal muscles
receive upwards of 85% atVOZmax. Interestingly, during exercise, active skeletal muscles rarely make up more
than half of the entire muscle mass, even during maximal exercise. Nonetheless, the increase in skeletal
muscle blood flow from rest to maximal exercise is substantial: from 750-1000ml.min™! (2-5ml.100g
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Figure 4.1 The cardiovascular response to prolonged light/moderate (40-60% VO, ) and moderate/intense
(60-85% VO, ) dynamic exercise. During the first 10-30 minutes of exercise, a steady state occurs, whereby
the cardiovascular system is able to meet whole-body metabolic requirements. As exercise persists, a drift occurs
in cardiovascular function, despite the maintenance of a given absolute workload

muscle™!.min™!) to nearly 22 000 ml.min"! in a healthy young individual with a maximal Q of 251.min"! [8].
This represents an increase in skeletal muscle O, uptake from ~60ml.min™' to almost 4000 ml.min™".
Notably, the increase in muscle blood flow during maximal exercise is limited by the requirement to maintain

blood pressure, such that active muscles vasoconstrict if blood pressure cannot be maintained.
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Whilst skeletal muscles receive a large fraction of the blood delivered to active muscles during exercise,
coronary and respiratory muscle blood flow also increases. Coronary blood flow supplies the heart, a muscle
that is always active. At rest in the supine position, coronary blood flow is ~250ml.min"!, or 5% of Q
As exercise intensity increases, coronary blood flow can reach as much as 1000 ml.min™" in a heart weighing
300¢g. Given that blood flow to the heart is intimately linked with myocardial O, uptake, the RPP can be
calculated in order to evaluate internal work. On the other hand, respiratory muscle blood flow during
exercise is related to the increased work of breathing, which at \'/'02max can account for 10-15% of total O,
uptake. This fraction of O, uptake is observed at elevated ventilation rates (100-1401.min™"). At a ventilation
of ~1251.min™!, for example, intercostal muscle blood flow is ~50ml.100 ml~!.min™*.

The skin is the largest organ of the body, typically accounting for 6-10% of body mass in healthy individuals
with a body surface area of 1.8-2.0m?. At rest in temperate conditions, skin blood flow is estimated to be
200-500ml.min"! (100-300ml.m 2.min!). During whole-body passive heating, however, maximal skin
blood flow can reach 7000-8000ml.min™! (3500-4000ml.m™2.min"!). Accordingly, the capacity of the
cutaneous vasculature to vasodilate and receive high blood flows is secondary only to that of muscle. Hence,
during exercise in the heat, competition for Q can develop between the skin and active skeletal muscle.
Interestingly however, skin blood flow during exercise heat stress reaches only ~50% of maximal capacity,
and even lower levels in temperate environments. Indeed, skin blood flow increases up to ~2l.min™!
during submaximal exercise and decreases towards resting values or even lower during maximal exercise in
cool conditions.

The cerebral circulation receives between 12 and 15% of Q at rest, or a blood flow of ~750 ml.min™!

(50-60ml.100 g '.min™!). Historically, it was thought that cerebral blood flow was unaffected or did not
considerably vary during exercise because cerebral autoregulation maintained blood flow to the brain
within a relatively narrow range in MAP (i.e. between 60 and 150 mmHg). However, it is now understood
that cerebral blood flow increases with exercise intensity up to ~60% VOZmax, after which it decreases
towards baseline values [9,10]. This hyperventilation-induced cerebral vasoconstriction occurs mainly in
response to a decrease in the partial pressure of arterial carbon dioxide.

The splanchnic organs include the liver, gastrointestinal tract (GIT), pancreas and spleen. At rest in the
supine position, blood flow to this region is ~1500ml.min! (~100ml.100g™!.min™! in the liver), which is
~25% of Q As exercise intensity increases, blood flow to the splanchnic organs decreases such that atVOZmax
it is reduced to ~350 ml.min~'. However, O, uptake remains relatively stable (50-60 ml.min™") in this region,
owing to an increase in O, extraction from 4ml.100ml™ at rest to 17ml.100ml™" atVO, _ [8]. Similarly, the
kidneys receive ~1200 ml.min™! (~400ml.100 g !.min™!) at rest, making renal blood flow the second largest
resting regional circulation, with ~20% of Q During exercise, renal blood flow decreases with the rise in
work rate. However, given that the kidneys are overperfused, O, uptake only falls by ~3% from rest to VO
as O, extraction increases from 1.2 to 3.6 ml.100 ml™".

ol

2max’

The Cardiovascular Response to Maximal Exercise

The cardiovascular response to prolonged dynamic exercise can be objectively quantified in relation to a
maximal functional capacity (i.e.VOZmaX).The upper limit of this capacity reflects the ability of the cardio-
vascular systems to supply the working muscles with O, during intense exercise. The maximal volume of
O, an individual can consume is typically measured during exercise performed at progressively increasing
work rates until volitional fatigue (i.e. exhaustion), but it can also be quantified during supramaximal
exercise (i.e. exercise performed at a workload 10-30% greater than required to achieve VOZmaX). The
classical concept of VO, requires a plateau in O, uptake (Figure 4.2), despite further increases in work-
load [11]. Whilst this concept has been challenged due to inconsistencies in identifying a clear plateau
during standard incremental tests, it has nonetheless been shown to be a true reproducible parametric
measure of cardiorespiratory capacity during comparative continuous supramaximal exercise testing
[12]. Accordingly, VO, _ has a day-to-day variability of 2-4% in individuals with sufficient motivation
and anaerobic capacity. The calculation of VO,  is based on the Fick principle (Equation 4.6).
Accordingly, the magnitude by which maximal Q and a-vO, diff (the difference in O, concentration
between arterial and mixed venous blood, or arteriovenous O, difference) can increase determines the
upper limit to whole-body O, uptake. At rest, systemic a-vO, diff is usually ~4.5ml.100ml™', but it
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Figure 4.2 Maximal oxygen uptake in sedentary, active and trained individuals and elite endurance athletes
(Source: Rowell [6]. Reproduced with permission of Wiley & Sons)

increases up to 16 ml.100ml™! during maximal exercise. Interestingly, it can reach 18 ml.100ml™! (90%
extraction) in skeletal muscles at \'/OZmax [8].

V0,,. =0,. xa-v0,diff,, (Equation 4.6)
As demonstrated in Figure 4.2, during dynamic upright exercise VOZmax increases as a function of workload
from ~30ml.kg™!.min"! in a population of young healthy, but sedentary males to ~85 ml.kg™!.min! in highly
trained endurance athletes [13]. The rise in heart rate during incremental exercise parallels that of O,
uptake, reaching a plateau and maximum at around 195 beats.min™!, depending on age, gender and fitness
level (Figure 4.3). In highly stressful conditions, such as hyperthermia or dehydration, heart rate can reach
slightly higher values. Interestingly, myocardial cells possess the capacity to contract at more than 300 beats.

min~!; however, heart rate seldom exceeds 210 beats.min™!, as ventricular filling time would be far too short
above this.

The magnitude and nature of changes in stroke volume during exercise remain somewhat contentious.
Previously, it was accepted that stroke volume increased with exercise intensity, but that a plateau occurred
upon reaching 40-50% \'702max [14]. Recently, however, progressive increases in stroke volume have been
reported in both trained and untrained individuals during incremental exercise up to VO, _ [15]. The pro-
posed pathway for the continued increase in stroke volume in trained individuals resides within an increased
diastolic filling, enhanced contractility, larger blood volume and decreased cardiac afterload. In untrained
individuals, stroke volume is suggested to continue increasing during exercise at intensities beyond 50%
VOZmXJ due to a naturally occurring high blood volume. Other factors influencing stroke volume during
intense or incremental exercise include age and gender. Further research is required to substantiate the level
and intensity to which stroke volume can increase, however, as a comprehensive body of literature supports
the notion that stroke volume decreases during intense exercise, especially at maximal effort (Figure 4.3).
Correspondingly, the increase in Q during incremental exercise reflects changes in heart rate and stroke
volume, and is nearly linear to that of O, uptake, with a slope of 61.min™! per 11.min™" increase in O, uptake.
However, given that stroke volume generally decreases prior to the attainment of VO, , the rise in Q at
greater exercise intensities is achieved solely via increases in heart rate.

2max
As with submaximal exercise, changes in blood pressure during maximal incremental exercise stem from

adjustments in SBP. Indeed, SBP increases linearly with heart rate and O, uptake, plateauing at around
180-200 mmHg at VOZmaX. The rise in Q is responsible for increasing SBP, as it compensates for the decline
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Figure 4.3 Cardiovascular response to maximal incremental exercise

in peripheral resistance. Moreover, the increase in SBP is relatively stable due to the vasomotor response
occurring in active muscles (vasodilation) and inactive tissue (vasoconstriction). Conversely, DBP typically
remains constant as exercise intensity increases, sometimes decreasing upon approaching VOZmax. However,
DBP is susceptible to decreasing during exercise performed under heat stress, where cutaneous vascular
beds are more dilated and peripheral resistance is decreased. The decline in TPR during incremental exer-
cise is curvilinear, reaching its nadir at VOZmax. Despite the decrease in TPR, MAP does not decline during
maximal exercise, since the increase in Q is quite large (Figure 4.3). Note that a fall in SBP towards the end

of an incremental exercise test is particularly dangerous and warrants further investigation.
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Gender Differences in the Cardiovascular Response to Aerobic Exercise

Males have a naturally higher percentage of lean muscle mass than females, along with a larger heart (size
and volume). Males also possess greater O, carrying capacity than females, with a larger amount of red
blood cells (~6%) and haemoglobin (10-15%). Despite these differences, the pattern of response in cardio-
vascular function during aerobic exercise is similar between genders, although the magnitude of response in
certain parameters may vary. For example, heart rate is higher in females when performing submaximal
exercise at a given absolute workload (e.g. 200W), whereas stroke volume is lower. The lower stroke volume
is compensated for by a higher heart rate, which results in a similar or greater Q to that of males. This signi-
fies that females exercise at a higher relative intensity (i.e. %VOZmax) than males when performing the same
amount of absolute work. When matched for exercise intensity (e.g. 40 or 75% of peak workload), females
demonstrate a lower Q in response to an elevated heart rate and reduced stroke volume compared with
males, even when expressed in relation to body mass or body surface area [16]. However, O, extraction is
increased in females, which emphasises the greater cardiac work required to exercise at the same relative
intensity. Consequently, males rely on preload and enhanced use of the Frank-Starling mechanism to
increase Q, whilst in females it is supported by heart rate. It is suggested that part of the limitation associated
with increasing stroke volume in females may stem from a blunted sympathetic response and higher basal
vasodilator tone.

The increased relative intensity noted in females during submaximal exercise stems from males having an
absolute \'/'Ozmax (i.e. Lmin™") 40-60% greater than females. The disparity in \702mX is mostly due to differ-
ences in lean muscle mass and heart size, because when expressed relative to body mass (i.e. ml.kg™!.min™")
the difference is reduced to 20-30%. It is further reduced to less than 15% when expressed as a function of
lean body mass (i.e. ml.kg lean body mass™!.min™!) [17]. Whilst expressing VOZmaX in relation to lean body
mass highlights the significance of muscle mass and adipose tissue in determining VO,__, it also highlights
that excess fat is not the only factor influencing the difference in VO, _ between men and women. Indeed,
both genders share the same innate ability to improve VO,__, and in similarly trained males and females
there is no difference in maximal heart rate. However, because males have larger hearts, maximal stroke
volume is higher, which leads to a maximal Q that is typically 30% higher than in females. Despite the
difference in heart morphology, the mechanisms mediating the increase in stroke volume remain similar.
As such, differences in stroke volume appear to be the primary cause of gender differences in increasing Q
during submaximal and maximal aerobic exercise.

Males and females also display a similar pattern of response in blood pressure, peripheral resistance and
myocardial O, demand during submaximal and maximal aerobic exercise. Whilst the DBP response to
exercise is comparable between genders, SBP is higher in males during exercise at a given relative
intensity. Consequently, MAP is greater in males at similar submaximal relative work rates, but also at
the completion of maximal exercise. Given that males have a greater Q during submaximal exercise,
TPR is usually lower than in females. TPR is similar during maximal exercise, however, owing to its
marked decrease. Males tend to have a higher RPP at the completion of maximal exercise because of the
exacerbated rise in SBP.

The Cardiovascular Response to Ageing

Ageing is associated with a decline in the ability to respond to physiological stress, partly as a result of age,
but also due to the adoption of a sedentary lifestyle. The characteristic adjustments in cardiovascular
function associated with the ageing process are reduced maximal heart rate, stroke volume, Q and O, uptake
(Table 4.2). It is purported that VO, declines at a rate of ~10% per decade after the age of 30 in sedentary
individuals. The primary pathway by which VO, is reduced lies in a decrease in stroke volume, along with
lowered heart rate and O, extraction [18]. The decrease in stroke volume is related to a gradual decline in
myocardial contractility and stiffening of the heart wall, which delays ventricular filling. Factors such as a
slower relaxation of the ventricular wall, poor peripheral venous tone and decreased total blood volume
(including plasma and red cell volume) also influence EDV and stroke volume. The reduction in maximal
heart rate stems in part from a loss in muscle mass resulting from detraining, but also from diminished
p-adrenergic responsiveness. The lower levels of O, extraction observed in aged individuals are associated
with reductions in total haemoglobin, fibre/capillary ratio and muscle respiratory capacity, along with
decreased mitochondrial mass and oxidative enzymes.
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Cardiovascular parameter Males Females
Sedentary Trained Sedentary Trained

Young Oold Young Young (o][c] Young (o][c]
Heart rate (beats.min-") 195 160 192 160 192 160 190 160
Stroke volume (ml) 120 100 150 120 85 80 110 90
Cardiac output (l.min-") 22 16 27 22 16 12 20 15
Mean arterial blood pressure (mmHg) 117 128 115 125 113 125 111 120
Systolic blood pressure (SBP) (mmHg) 195 205 195 205 175 195 180 190
Diastolic blood pressure (DBP) (mmHg) 78 90 75 85 82 90 7 85
Maximal oxygen uptake (ml.kg-'.min-") 40 25 60 45 35 22 50 o

Table 4.2 Cardiovascular responses to maximal exercise in males and females in relation to training status
(sedentary versus untrained) and age (young versus old)

During submaximal aerobic exercise at a given absolute workload, heart rate is similar or slightly higher in
older individuals, whereas stroke volume and Q are lower. As a result, VO, during incremental exercise is
achieved earlier. The pattern of response in blood pressure is similar in young and old individuals; however,
older individuals have higher resting SBP and DBP. This upward shift is maintained during exercise, such
that older individuals sustain a higher MAP for any given workload. The elevated blood pressure response
stems from greater peripheral resistance, resulting from a loss of elasticity of the connective tissue in the
vasculature. During maximal exercise, SBP may be 20-50 mmHg higher in older individuals, and DBP may
be 15-20mmHg higher. Given the higher heart rate and SBP responses experienced by the elderly, myocar-
dial O, uptake is also higher during submaximal exercise. Whilst TPR decreases in older individuals during
maximal exercise, the extent of this decrement is not as pronounced as in the young. Notably, because older
individuals experience a greater decrease in maximal heart rate than they do an increase in SBP relative to
younger individuals, the RPP at VOzmaX is lower.

Importantly, regular exercise markedly attenuates the rate of loss in cardiovascular function and aerobic
capacity (Table 4.2) [19]. Endurance training induces similar benefits in the elderly as it does in the young,
with improvements in \'/'O2max of ~20% following 6 months of regular training. Moreover, trained older indi-
viduals often have a similar or greater VO, _ than untrained/sedentary younger individuals. Regular aerobic
exercise reduces heart rate at submaximal workloads, along with resting and exercising SBP. Maximal stroke
volume is increased with training, allowing for improvements in Q of over 31.min"!. The changes mostly
stem from peripheral adaptations, which facilitate the return of venous blood to the heart and enhance EDV.
Hence, despite age-related reductions in cardiovascular performance, regular exercise induces adaptations
that attenuate some of these reductions, improving SBP, stroke volume, Q and, ultimately, VO

2max”

Cardiovascular Responses to Static Exercise

Exercise performed statically, or isometrically, involves the contraction of muscles in a fixed or stationary
position (i.e. without movement). Several daily activities incorporate a static component, as do many sports
(e.g. rowing, cycling, weightlifting, wrestling). The foremost difference in the cardiovascular response to static
compared with dynamic exercise resides in its effect on active muscle blood flow. During an isometric contrac-
tion, muscle blood flow decreases in response to a swelling and stiffening of active muscle fibres, which increases
intramuscular pressure and causes a mechanical constriction of the vessels. Although a similar constriction
occurs during dynamic exercise, the rhythmic alternation between contraction and relaxation, such as in run-
ning, encourages blood flow through the muscle pump. As such, the hallmark of isometric exercise is a failure
to ensure adequate blood flow to the contracting musculature when force production exceeds 10-30% of a
maximal voluntary contraction (MVC). For example, blood flow to the quadriceps is greater during a sustained
(30 minutes) contraction performed at 5% MVC than in one maintained for 8 minutes at 15% MVC or for
4 minutes at 25% (Figure 4.4) [20]. Indeed, despite the greater metabolic requirement of sustaining a contrac-
tion at 15 or 25% MVC, muscle blood flow remains much lower, indicating the significant impedance to blood
flow. The level of impedance varies with muscle groups, as forearm (i.e. handgrip exercise) muscle blood flow
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Figure 4.4 Blood flow to quadriceps muscle during contraction at 5 and 25% MVC and during a recovery period
(Source: Sjegaard et al. [20]. Reproduced with permission of Springer)

increases to 30—40% of MVC [21]. Whilst blood flow is impeded when contraction intensity exceeds a given
level, the response during recovery compensates for the reduced flow noted during contraction (Figure 4.4).

The heart rate response to static exercise is caused by parasympathetic (i.e. vagal) withdrawal and sympathetic
activation, with the magnitude of increase related to contraction intensity. In contrast, stroke volume remains
relatively stable at lower contraction intensities (e.g. 10% MVC), whereas it decreases during high-intensity
efforts. The decrease in stroke volume is purported to stem from a decrease in preload and increase in after-
load. Nonetheless, Q increases during static exercise in response to the rise in heart rate. Interestingly, the
increase in Q serves mostly to overperfuse regions not requiring an increase in blood flow (e.g. skin and inactive
muscles), with systemic a-vO, often decreasing during static exercise.

The elevation in Q contributes to an increase in arterial blood pressure, as the decrease in peripheral
resistance is minimal, especially in relation to the extent occurring during dynamic exercise. Moreover, the
increase in arterial blood pressure — the pressor response — is disproportionate to the amount of work per-
formed when compared with dynamic exercise. For example, submaximal dynamic exercise induces a large
elevation in heart rate but a modest increase in SBP, imposing a volume load on the heart. In contrast, static/
isometric exercise causes a modest rise in heart rate but a marked increase in SBP, imposing a pressure load
on the heart. Differences between males and females during static exercise are negligible, with heart rate,
stroke volume and Q responding similarly, and MAP increasing slightly more in males. Like dynamic
exercise, ageing results in lower heart rate, stroke volume and Q during static exercise, but a higher blood
pressure response. For further discussion of the chronic effects of sustained and intensive physical activity
upon the heart, see Chapter 5.

Conclusion

The magnitude and pattern of adjustment in the cardiovascular response to exercise are determined by
several factors, including the nature of the task (e.g. dynamic versus static), work rate (i.e. relative exercise
intensity), muscle mass involved, environmental conditions (e.g. heat and altitude), training status and
genetics. Nonetheless, exercise is typically characterised by increases in heart rate and stroke volume, which
lead to adjustments in Q, arterial blood pressure, peripheral resistance and myocardial function. Part of
these adjustments is a redistribution of Q (i.e. blood flow), which reflects the ability of the cardiovascular
systems to supply the working muscles with O, during exercise. With chronic/regular training, this ability
can be improved, leading to increased VO, __ . Although the magnitude of response in certain cardiovascular
parameters, such as VO, __, may vary between males and females during exercise, the pattern of response
remains comparable. Similarly, whilst ageing reduces cardiovascular performance, regular exercise induces
adaptations that attenuate some of these reductions, leading to improvements in blood pressure and aerobic
performance that are equivalent to those seen in younger individuals.
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5 The Athlete’s Heart:
Impact of Age, Sex,

Ethnicity and Sporting
Discipline

Tracey Keteepe-Arachi and Nabeel Sheikh
St George’s University of London, London, UK

Introduction

Participation in regular systematic intensive exercise is associated with a constellation of structural and func-
tional cardiac adaptations comprising the ‘athlete’s heart’. The five- to sixfold increase in cardiac output (Q)
required for intense exercise results in chamber dilatation, ventricular hypertrophy, enhanced diastolic filling
and changes in autonomic function, the consequences of which are frequently demonstrated on the resting
12-lead electrocardiogram (ECG). Manifestations of the athlete’s heart are usually modest and fall well
within defined limits of normality. Occasionally, however, a small proportion of athletes may demonstrate
striking electrical and structural modifications, which overlap with those observed in cardiac diseases impli-
cated in exercise-related sudden cardiac death (SCD). Differentiating physiology from cardiac pathology in
such cases can prove challenging for the evaluating physician. The nature and extent of cardiac remodelling
in response to exercise is determined by several important demographic factors, including the age, sex, ethnic-
ity and the athlete’s sporting discipline. The influence of these variables upon the athlete’s heart is the focus
of this chapter. Only athlete cohorts between 14 and 35 years old will be discussed.

Electrical Remodelling in the Athlete’s Heart

Data based on observational studies from large athletic cardiovascular screening programmes have identi-
fied several common physiological ECG changes in athletes, which generally reflect increased vagal tone and
chamber enlargement [1]. These include sinus bradycardia, first-degree and Mobitz type 1 second-degree
atrioventricular block, isolated increases in QRS voltage, partial right-bundle branch block and the early
repolarisation pattern [2].

A minority of athletes, however, may exhibit ECG changes frequently found in several cardiac conditions
implicated in exercise-related SCD, making it difficult to distinguish between athlete’s heart and cardiac
pathology. To facilitate the differentiation of benign versus pathological ECG patterns in athletes, see
Chapters 10-12.

Structural Remodelling in the Athlete’s Heart

An increase in stroke volume is the predominant mechanism by which athletes are able to generate and main-
tain sizeable cardiac outputs for prolonged periods of time. Augmentation of stroke volume occurs through a
combination of an increase in left ventricular (V) end-diastolic volume (EDV), a decrease in IV end-systolic
volume (ESV) and enhanced LV filling. Early studies based on M-mode echocardiography demonstrated that
on average, athletes develop a 10% increase in end-diastolic diameter and a 15-20% increase in left ventricular
wall thickness (LVWT) compared to the upper limits of normal for sedentary individuals [3].
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Subsequent cross-sectional studies based on 2D echocardiography in large cohorts of elite athletes further
quantified the structural cardiac changes of the athlete’s heart. Pelliccia et al. [4] demonstrated an LV cavity
size of >55 mm in almost 50% of 1309 adult Caucasian (white) predominately male Olympian athletes, with
14% revealing an extreme LV cavity dilatation of >60 mm. Based on these data, the upper limit of normal
for LV cavity dimensions in white adult male athletes is currently regarded as <64 mm, although a minority
of athletes participating in extreme endurance sports such as the Tour de France have been reported to
demonstrate an LV cavity of 270 mm. A further study by the same group in 947 white Olympian athletes
revealed LVWTs ranging between <7 and 16 mm; however, only 16 individuals (1.7%) demonstrated values
>13mm, in keeping with the range compatible with morphologically mild hypertrophic cardiomyopathy
(HCM). Therefore, a value of <12mm in white adult male athletes is currently regarded as the upper limit
of normal for LVWT.

Although relatively neglected, new data from echocardiographic and cardiac magnetic resonance imaging
(CMRI) studies have demonstrated that the right ventricle (RV) undergoes similar changes in mass, volume
and function to the left, with cardiac remodelling occurring in a ‘balanced’ fashion [5-9]. Echocardiographic
limits of normality with respect to RV chamber size have recently been proposed for adult athletes, although
data are currently lacking in several cohorts [5-7].

The Influence of Age on the Athlete’s Heart

The majority of the structural and electrical changes just described are derived from studies in white, adult
(>18years of age) cohorts. Exercise, however, also induces cardiac remodelling in younger athletes, who
frequently start intense training regimes at increasingly younger ages in the pursuit of sporting excellence.
This is of importance, given that adolescent and young-adult athletes appear to be particularly susceptible
to SCD, making correct interpretation of structural and electrical data crucial in this cohort [10]. In general,
younger athletes develop changes qualitatively similar to but quantitatively smaller in magnitude than those
observed in adults.

Electrical Remodelling in Adolescent Athletes

Interpretation of a young athlete’s ECG may prove particularly challenging due to the high prevalence of
repolarisation anomalies, specifically morphological T-wave alterations, normally observed in individuals
<l6years of age. These repolarisation changes compose the ‘juvenile’ ECG pattern, which is characterised
by T-wave inversion in leads V1-V4 (Figure 5.1). The juvenile ECG pattern reflects RV dominance and a
posteriorly directed repolarisation polarity in young children. With increasing age, the dominance transfers
from RV to LV, with a resultant reversal of repolarisation polarity, which may be observed on the ECG pro-
gressing from left to right precordial leads. Eventually, after puberty, the adult ECG pattern is observed,
with T-wave inversion limited to V1.

Persistence of the juvenile ECG pattern is recognised in post-pubertal adolescents and may overlap with the
phenotype of cardiomyopathies and ion-channel disorders, leading to diagnostic difficulties. Papadakis et al.
[11] compared ECG patterns in 1710 predominately white, male, adolescent athletes (mean age
16.0* 1.7 years) and 400 sedentary adolescent controls, finding no difference in the overall prevalence of
T-wave inversion between the two groups (4 versus 3%, p =0.46). T-wave inversion in the anterior leads was
largely confined to V1-V2 and was almost always observed in athletes and controls aged <16years. Only
0.8% of athletes and 0.5% of controls exhibited anterior T-wave inversion beyond V2. Detailed investigation
of the majority of individuals with anterior T-wave inversion failed to identify sinister cardiac pathology,
leading the authors to conclude that this pattern likely reflects the juvenile pattern in adolescent athletes. In
contrast, T-wave inversion involving the inferior and/or lateral leads was not observed in controls and was
observed infrequently in athletes (1.5%), in whom it was associated with left ventricular hypertrophy (LVH)
or congenital cardiac abnormalities. This finding suggests that T-wave inversion in the inferior and/or lateral
leads should prompt further investigation and long-term surveillance for an underlying cardiac disorder
irrespective of the athlete’s age.

Migliore et al. [12] performed a study of 2765 children aged between 8 and 18 years undergoing pre-partici-
pation cardiovascular evaluation, observing T-wave inversion in 5.7%. The majority of the T-wave inversion
(4.7%) was localised to the right precordial leads, consistent with a juvenile pattern. The prevalence of right
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Figure 5.1 Example of a juvenile ECG pattern. Note the T-wave inversion in leads V1-V3

precordial T-wave inversion decreased significantly with increasing age and pubertal development, being
found in 8.4% of children <14years of age but only in 1.7% >14years (p<0.001). As in the study by
Papadakis et al. [11], T-wave inversion in the lateral and inferior leads was rare (0.1 and 0.9%, respectively).
Of the children with T-wave inversion, 2.4% were diagnosed with a cardiomyopathy (three with arrhythmo-
genic right ventricular cardiomyopathy (ARVC) and one with HCM). Of the three children with ARVC, all
showed complete pubertal development and were >14years of age. The individual diagnosed with HCM
exhibited lateral T-wave inversion. The findings from this study reinforce the notion that T-wave inversion
in the inferior and/or lateral leads in a young athlete or the persistence of anterior T-wave inversion beyond
puberty warrants comprehensive evaluation and long-term follow-up.

Structural Remodelling

Makan et al. [13] examined LV cavity dimensions in 900 elite, predominately white male adolescent athletes
with a mean age of 15.7 years. Compared with 250 healthy age- and sex-matched sedentary controls, the
athletes exhibited a larger LV cavity (50.8 versus 47.9 mm), with a dimension of >54 mm being found in
18%, compared to none of the controls. An LV cavity exceeding predicted upper limits of normal was found
in 13% of the athletes, and the range of cavity dimensions in these individuals was 52—60 mm. No adolescent
athlete exhibited an LV cavity dimension >60 mm. Thus, the upper limit of normal for LV cavity dimensions
in white male adolescent athletes may be regarded as <58 mm.

A study of 720 elite adolescent white athletes (mean age 15.7* 1.4 years) by Sharma et al. [14] compared
LVWTs and LV cavity dimensions on echocardiography to 250 age-, gender- and body surface area-matched
sedentary controls. On average, the athletes exhibited a 13% larger LVWT and 6% larger LV cavity dimension
compared to controls. Although the LVWT exceeded the upper limits of normal in 38 athletes (5%), only
0.4% had an LVWT >12mm (all male), and all demonstrated concomitant LV cavity dilatation. None of the
controls exhibited an LVWT >11mm. These data suggest that the upper limit of normal for LVWT may be
regarded as <12mm in male adolescent white athletes.
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The Influence of Sex on the Athlete’s Heart

Gender influences the athlete’s heart independent of sporting discipline, age and body habitus. In general,
changes occur to a greater extent in male than in female athletes. Although the exact mechanisms behind
these sex differences are unclear, one possibility is variations in the amount of circulating androgens and in
the density of androgen receptors.

Electrical Remodelling in Female Athletes

In a large study of 32 652 unselected athletes undergoing pre-participation cardiovascular evaluation,
Pelliccia et al. [1] observed a higher prevalence of ECG abnormalities in males compared to females (12.4
versus 9.6%; p=0.001). The same group documented significant differences between males and females
in a study of 1005 consecutive athletes [15]: a significantly larger proportion of male athletes had either
distinctly abnormal (17 versus 8%; p <0.001) or mildly abnormal (28 versus 14%; p<0.001) ECGs com-
pared to female athletes. The majority of female athletes had normal ECGs (78 versus 55%; p<0.001).
These differences may be explained by the more subtle morphological adaptations to exercise demon-
strated by females (see later), as well as a lower uptake in sports associated with more extensive electrical
changes, such as rowing.

Structural Differences Between Male and Female Athletes

In a study of 1309 white adult Olympian athletes by Pelliccia et al. [4], although 12% of females had an
enlarged LV cavity, none exhibited dimensions exceeding 55 mm. A further study by the same group com-
pared cardiac dimensions in 600 female adult athletes, 738 elite male adult athletes and 65 sedentary female
controls [16]. Compared to controls, both LV end-diastolic dimensions and LVWT's were greater in female
athletes, by 6 and 14%, respectively. LV cavity dimensions exceeded normal limits (>54mm) in 8% of
female athletes, and were >60mm in 1%. In contrast, none of the 600 female athletes’ LVWTs exceeded
>12mm, compared to 2% of the males. Based on these data, the upper limits of normal for LV cavity dimen-
sions and LVWTs in adult white female athletes are currently regarded as <57 and <11 mm, respectively.

Cardiac remodelling has also been observed in adolescent female athletes, but to a far lesser extent than in
their male counterparts. In the study by Makan et al. [13], only 22% of adolescent athletes with LV cavity
dilatation were females, and no female athlete exhibited an LV cavity >55 mm. Similarly, in the study by
Sharma et al. [14], all female athletes had LVWTs of <11 mm. Thus, the upper limits of normal for LV
cavity dimensions and LVWTs in adolescent white female athletes may be regarded as <54 and <11 mm,
respectively.

The Influence of Ethnicity on the Athlete’s Heart

The majority of the data presented so far have been derived from white cohorts, competing predominately
in Europe and the US. Over the past 2 decades, however, ethnicity has emerged as an important determi-
nant of cardiac adaptation to exercise. Increasing globalisation has provided athletes in all parts of the world
with the opportunity to compete like never before, and data from pre-participation cardiovascular evalua-
tion of these individuals has informed our understanding of the influence of ethnicity on the athlete’s heart.
From this perspective, the group most intensely studied has been athletes of African/Afro-Caribbean ethnic-
ity (black athletes), whose participation rates in many sports are often disproportionately higher in Western
countries than their prevalence in the general population.

Electrical Remodelling in Athletes of African/Afro-Caribbean Ethnicity

As with their white counterparts, black athletes reveal a high prevalence of training-related ECG changes, in
particular ST-segment elevation, early repolarisation (ER) pattern and voltage criteria for LVH [17].
However, perhaps the most striking feature of cardiac remodelling in black athletes is the extent to which
they develop electrical changes traditionally regarded as training-unrelated, in particular repolarisation
abnormalities.
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Figure 5.2 ECG from a black athlete demonstrating deep T-wave inversion in leads V1-V4. Note preceding convex
ST-segment elevation and Sokolow-Lyon voltage criteria for LVH

Repolarisation Changes and T-Wave Inversion in Adult Male Black Athletes Black athletes have a higher
prevalence of ER changes and T-wave inversion compared with white athletes. Magalski et al. [18]
analysed the ECGs of 1959 elite adult male American football players and reported that electrical
abnormalities were observed twice as commonly in black as in white athletes. T-wave inversion was 13
times more frequent. Papadakis et al. [17] compared the ECGs of 904 predominantly adult male black
athletes with those from 1819 white adult male athletes, 119 black sedentary individuals and 52 black
HCM patients. T-wave inversion was more than six times more prevalent in black compared to white
athletes (22.8 versus 3.7%; p<0.001), and was predominately confined to anterior leads V1-V4
(12.7%).When isolated to the anterior leads, T-wave inversion was usually associated with convex ST-
segment elevation (in 64.3% of cases; Figure 5.2). Deep T-wave inversion (—0.2 mV or above) was also
more common in black athletes compared to both white athletes and black controls (12.1 versus 1.0
and 1.7%, respectively; p<0.001). T-wave inversion was far less common in the inferior and lateral
leads in black athletes (6 and 4.1%, respectively). In contrast, almost all black HCM patients exhibited
T-wave inversion (87.2%), the majority of which was in the lateral leads (76.9%). T-wave inversion
isolated to V1-V4 and the inferior leads was much less common in black HCM patients (3.8 and 1.9%,
respectively). ST-segment depression was frequently observed in black HCM patients, but was virtually
absent in black athletes and controls (50.0 versus 0.4 and 0.0%, respectively; p<0.001).

Comprehensive evaluation of athletes with T-wave inversion in this study failed to identify an underly-
ing cardiomyopathy. However, during long-term follow-up, two black athletes and one white athlete
were diagnosed with HCM. In keeping with a previous study in white athletes [19], all three individuals
exhibited T-wave inversion in the inferior and/or lateral ECG leads. Importantly, none of the black
athletes with T-wave inversion confined to V1-V4 were diagnosed with a cardiomyopathy. Based on
these observations, T-wave inversion preceded by convex ST-segment elevation confined to V1-V4 in
black athletes is considered an ethnic variant of physiological adaptation to exercise. However, T-wave
inversion extending into the lateral leads should be considered abnormal regardless of ethnicity and
investigated comprehensively to exclude an underlying cardiomyopathy, with long-term follow-up
thereafter. At present, the precise significance of T-wave inversion confined to the inferior leads remains
unknown; until further data are published, this pattern should be investigated with a minimum of
echocardiography.
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T-Wave Inversion in Adult Female Black Athletes T-wave inversion is also described in adult female black
athletes, but to a far lesser extent. Rawlins et al. [20] compared the ECGs of 240 adult black female athletes
to 200 adult white female athletes. As with males, black female athletes demonstrated a higher prevalence
of repolarisation changes, including ST-segment elevation (11 versus 1%; p<0.001), T-wave inversion
(14 versus 2%; p<0.001) and deep T-wave inversion (2 versus 0%; p<0.001). All T-wave inversion in
female black athletes was confined to V1-V3, with none revealing phenotypic features of a cardiomyopathy
after further evaluation. Therefore, as with male athletes, T-wave inversion in the anterior leads is likely to
represent an ethnically mediated variant in black female athletes. In contrast, the absence of T-wave inver-
sion in the inferior or lateral leads suggests that these patterns should trigger comprehensive evaluation and
follow-up.

T-Wave Inversion in Adolescent Black Athletes Striking ECG changes have also been described in younger
black athletes. As with adults, voltage criteria for LVH and repolarisation abnormalities are more common
in black athletes (ST-segment elevation 91 versus 56%, p<0.001; deep T-wave inversion 14 versus 3%,
p<0.05) [21]. Sheikh et al. [22] studied both male and female black adolescent athletes and reported the
prevalence of T-wave inversion to be fivefold greater in adolescent black compared to adolescent white ath-
letes (22.8 versus 4.5%; p<0.001), and almost twofold greater in adolescent black athletes than in seden-
tary adolescent black controls (22.8 versus 13.4%). As with adult black athletes, T-wave inversion in
adolescent black athletes was predominantly confined to anterior leads V1-V4 (14.3%). The prevalence of
T-wave inversion was higher in adolescent black male athletes compared to adolescent black female athletes
(24.5 versus 16.7%; p=0.17). Importantly, compared to 9% of adolescent black male athletes, none of the
females exhibited deep T-wave inversion. This suggests that deep T-wave inversion in adolescent black
female athletes should be viewed with caution and requires further investigation. Inferior and/or lateral T-
wave inversion was observed with the same frequency in black adolescent athletes as in black adult athletes;
although comprehensive evaluation of all athletes with T-wave inversion failed to reveal a cardiomyopathy in
this study, the lower frequency of inferior and/or lateral T-wave inversion in this group and their association
with cardiomyopathies warrant comprehensive evaluation and follow-up.

Structural Remodelling in Athletes of African/Afro-Caribbean Ethnicity

LV Chamber Dimensions in Black Athletes Most studies have revealed that black athletes demonstrate
similar quantitative changes in LV cavity dimensions to white athletes. Therefore, the upper limits of normal
for LV chamber dimensions in white athletes are also applicable to the black athletic population.

LVH in Black Athletes and the Influence of Age and Sex In contrast to LV cavity dimensions, several stud-
ies have demonstrated significantly greater mean LVWT's in black compared to white athletes. A UK study
comparing cardiac dimensions in 300 male adult black and 300 male adult white athletes revealed signifi-
cantly greater mean LVWTs in the former (11.3+ 1.6 mm versus 10+ 1.5mm; p<0.001). Importantly, 18%
of black athletes exhibited an LVWT >12mm in the range compatible with morphologically mild HCM,
compared with just 4% of white athletes (Figure 5.3). Furthermore, 3% of black athletes demonstrated
extreme degrees of LVH (=15 mm), whereas the LVWT never exceeded 14mm in white athletes [23]. The
pattern of LVH in all athletes was homogenous and was associated with an LV cavity dilatation of between
55 and 66 mm. Furthermore, comprehensive evaluation of athletes with LVH failed to reveal the broader
phenotypic features of HCM. A further collaborative study between the UK and France of 904 black and
1819 white athletes corroborated these findings, demonstrating LVWTs of >12mm in 12.4% of black
compared to just 1.6% of white athletes [17]. Irrespective of ethnicity, none of the athletes exhibited an
LVWT of >16 mm.

Cardiac remodelling has also been studied in female black athletes. The aforementioned study by Rawlins
et al. [20] showed that black female athletes demonstrated greater LVWTs compared to white female athletes
(9.2%1.2 versus 8.6 1.2mm; p<0.001). However, the magnitude of LVWTs was significantly smaller:
3% of black female athletes revealed an LVWT of >11 mm, and none exhibited an LVWT of >13mm. In
comparison, none of the white female athletes revealed an LVWT of >11 mm.

Adolescent black athletes are also capable of developing significant LVH. Di Paolo et al. [21] reported a
5% larger mean LVWT in black compared to white adolescent athletes. LVH (LVWT >13mm) was
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Figure 5.3 Distribution of maximal LVWTs in black and white athletes. Note the greater magnitude of
LVH (maximal LVYWT >12mm) in black athletes, with substantial LVH (maximal LVWT >15mm) in 3%
(Source: Basavarajaiah et al. [23]. Reproduced with permission of Elsevier)

present in 2.6% black athletes compared to 0% of white athletes. In a larger study by Sheikh et al. [22],
comprising 245 male and 84 female black adolescent athletes, 7% exhibited an LVH of >12 mm, com-
pared to just 0.6% of 903 white adolescent athletes and 0% of 134 sedentary adolescent black controls.
Importantly, although none of the female adolescent athletes exhibited a wall thickness of >13 mm, male
adolescent black athletes were capable of developing significant LVH, up to and including 15 mm.
Furthermore, even in the very young (<16years), 5.5% of black athletes exhibited LVH, compared to
0% of white athletes. During further evaluation and follow-up of athletes with LVH, none exhibited
features of HCM.

These studies suggest that the upper limit of normal for LVWTs should be regarded as <15mm in adult
male black athletes and <12mm in adult female black athletes, and as <14mm in adolescent male black
athletes and <11 mm in adolescent female black athletes.

The RV in Black Athletes Recently, the nature of RV remodelling in black athletes has been examined. The
issue is of pertinence given the high prevalence of T-wave inversion in RV leads V1-V4 in the black athletic
population, which invariably raises the suspicion of ARVC. Zaidi et al. [7] examined RV dimensions in 300 elite
black athletes, 375 elite white athletes and 153 sedentary controls (n =69 black; all groups predominately male).
Consistent with observations in white athletes, black athletes exhibited significantly greater RV and right
ventricular outflow tract (RVOT) dimensions compared to controls, although they were marginally smaller than
in white athletes. Although RVOT dilatation compatible with current diagnostic criteria for ARVC was
frequently observed in both black and white athletes, nine (3%) black athletes exhibited concomitant anterior
T-wave inversion, heightening the suspicion. Comprehensive evaluation of these nine individuals, including
CMRI, failed to reveal features of ARVC, emphasising the limitations of applying diagnostic criteria derived
from predominantly white, sedentary cohorts to black athletes.

Athletes of Other Ethnicities

Data on cardiac remodelling with exercise is also emerging for athletes of other ethnicities, including
Arabic (Middle Eastern), South Asian and East Asian athletes. The data indicates that electrical and
structural remodelling in these ethnicities is similar to that observed in white athletic cohorts, making
ECG and echocardiographic interpretation criteria derived from white athletes applicable to these eth-
nic groups. However, more data are required in many ethnicities, particularly South and East Asian
athletes.
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Influence of Sporting Discipline on the Athlete’s Heart

It is clear from the descriptions in this chapter that there is a direct relationship between exercise training
and development of the athlete’s heart. However, the extent and nature of both structural and electrical
cardiac remodelling are also influenced by the type of exercise being performed.

Electrical Remodelling in Relation to Sporting Discipline

Exercise stimulates a resting bradycardia through changes in autonomic balance, which result in increased
vagal tone and changes to the sinoatrial node. Additionally, the effects of chamber enlargement are directly
manifest on the surface ECG. The prevalence of these electrical alterations in any athletic population is
dependent upon the sporting discipline in question. Heart rate is generally lower in athletes engaged in
dynamic exercise (also referred to as ‘isotonic exercise’ or ‘endurance training’), such as running or cycling,
than in those engaged in static exercise (also termed ‘isometric exercise’, ‘strength training’ or ‘resistance
training’), such as weightlifting or wrestling. Indeed, athletes engaged in dynamic exercise may exhibit
marked sinus bradycardia of less than 30 beats.min™!, asymptomatic pauses >2seconds and junctional
escape rhythms, all of which are overcome by exercise, suggesting a vagal origin [2]. Athletes performing
dynamic exercise also reveal a higher prevalence of physiological electrical changes, reflecting chamber
enlargement, including partial right-bundle branch block and voltage criteria for LVH [2, 15]. Pelliccia et al.
[15] reported distinctly abnormal ECG patterns to be higher in those performing dynamic exercise, how-
ever. Cardiac pathology was demonstrated in only a minority of these athletes, the remainder revealing
absolute increases in cardiac dimensions, including LV end-diastolic dimension and LVWT, suggesting a
physiological basis.

Structural Remodelling in Relation to Sporting Discipline

The notion that sporting discipline has an influence on structural cardiac remodelling was first proposed by
Moganroth et al. [24] in 1975, using echocardiography. The so-called ‘Morganroth hypothesis’ postulated
that dynamic exercise, which involves sustained propulsion of the athlete through space rather than the
generation of muscular force, places a predominant volume load on the heart. This results in ‘eccentric
hypertrophy’, characterised by an increase in LV mass and wall thickness, with a proportional increase in LV
EDV. In contrast, static exercise, which involves the generation of force but little movement of the athlete
through space, places a pressure load on the heart and results in ‘concentric hypertrophy’, characterised by
an increase in LV mass and wall thickness, but with normal LV EDV.

Although several studies have been consistent with the Morganroth hypothesis, particularly the concept of
eccentric hypertrophy and large chamber dimensions with dynamic exercise, data from others suggest it is
far from absolute and dichotomous. This likely reflects the fact that training regimes for most sports fea-
ture both dynamic and static aspects [25]. In keeping with LV adaptations, there is now considerable
evidence derived from CMRI studies of eccentric RV remodelling in endurance athletes [8, 9]. More
recent echocardiographic studies have confirmed these findings, reporting significantly larger right heart
measurements (both chamber and outflow tract) in athletes performing dynamic as opposed to static
exercise [5, 6].

Conclusion

Age, sex, ethnicity and sporting discipline have a significant impact on the nature and extent of cardiac
remodelling in response to exercise. In general, adult male athletes, those of black ethnicity and those per-
forming dynamic exercise tend to exhibit the largest cardiac dimensions and the most profound electrical
alterations (Figure 5.4). Table 5.1 illustrates the current upper limits of normality for LV and RV chamber
sizes and wall thicknesses in athletes of different ages, sexes and ethnicities, based on our current knowledge
and the data presented in this chapter. Recognition and complete understanding of the influence of these
demographic factors on the athlete’s heart is crucial for the correct interpretation of an athlete’s ECG and
echocardiographic data during pre-participation cardiovascular evaluation.
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Figure 5.4 Impact of age, sex, ethnicity and sporting discipline on the athlete’s heart

Athlete group Gender LV cavity LVWT RV dimensions (mm)
dimension  (mm)  pyoTp RVOT1 RVOT2 RVD1  RVD2
(mm)
Adult white Male <64 <12 <40 <43 <832 <65 <47 <109 <6
Female <57 <11 <37 <40 <29 <49 <43 <100 <5
Adolescent white Male <58 <12 - - - - - - -
Female <54 <11 - - - - - - -
Adult black Male <62 <15 <40 <43 <32 <565 <47 <109 <6
Female <56 <12 <37 <40 <29 <49 <43 <100 <5
Adolescent black Male <62 <14 - - - - - - -
Female <57 <11 - - - - - - -

Table 5.1 Upper limits of normal for LV and RV end-diastolic cavity dimensions and wall thicknesses, based on age, sex

and ethnicity. RVOTP, right ventricular outflow tract dimension (parasternal); RVOT1, proximal right ventricular outflow tract
dimension; RVOT2, distal right ventricular outflow tract dimension; RVD1, right ventricular basal dimension; RVD2, right
ventricular mid-ventricular dimension; RVD3, right ventricular longitudinal dimension; RVWT, right ventricular free wall thickness.

— denotes data not available
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6 Physical Activity
In the Prevention

and Management
of Atherosclerotic
Disease

John P. Buckley
Institute of Medicine, University Centre Shrewsbury and University of Chester, Chester, UK

Introduction

Led by the efforts of the World Health Organization (WHO), total physical activity per week in any
form — and in addition to sport and intentional exercise — is increasingly being promoted globally as impor-
tant to health and cardiovascular disease (CVD). The underpinning links between physical (in)activity and
CVD discussed in this chapter highlight the importance of recognising the amount of activity undertaken
within occupational settings and spontaneous play in children as significant influences on cardiovascular
health. Much of the evidence has traditionally been related to moderate-to-vigorous cardiorespiratory
endurance training. There is, however, increasing evidence on the benefits of focused muscular strength/
endurance exercise and more frequent lower-intensity activity throughout one’s waking hours, which affects
metabolic risk factors (e.g. glucose, insulin and total daily energy expenditure).

Definitions Encompassing Physical Activity

‘Physical activity’ is an overarching term that encompasses all forms of human activity, as described in
the following definitions. Physical activiry is any human movement that is created by the contraction of
skeletal muscle. Exercise or exercise training is also considered physical activity, but is performed in an
organised structured manner, with an aim or a goal (e.g. fitness, health, performance, rehabilitation).
Participation in sport is also included under the umbrella of ‘physical activity’. Physical fitness is the ability
or set of attributes required to perform any given physical activity/task and is reliant upon a combination
of factors, including: aerobic capacity and endurance; muscular strength and endurance; joint mobility/
flexibility and balance; coordination and skill; and metabolic function. Sedentary behaviour is a more
recent area of investigation, with much attention focused on the ills of prolonged bouts of sitting.
Independent of physical activity, the time one spends sitting is now accepted as a significant risk factor
for cardiometabolic diseases.

Preventing CVD: The Continuum of Human Activity from Sedentary
Behaviour to Moderate- to Vigorous-Intensity Physical Activity

The WHO has corroborated evidence and guidelines from around the world to define a healthy level
of physical activity as at least 150 minutes of moderate-intensity or 75 minutes of vigorous-intensity activity
per week. Rising concerns about daily sedentary behaviour, especially in the developed world, have however
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Improved CVD risk factors Improved arterial endothelial and

myocardial integrity

* Blood lipids

* Blood pressure ¢ Nitric oxide vasodilatory responsiveness

* Blood glucose and insulin ¢ Atheromatous plaque stability

* Energy expenditure, adipose and visceral fat * Reduced inflammatory agents

¢ Lean body mass ¢ Reduced myocardial irritability and

¢ Psychological well being arrhythmogenic potential

Figure 6.1 CVD risk factors and myocardial function elements affected by physical activity and exercise training
(Data sources: Wienbergen and Hambrecht [5] and Gielen et al. [6])

highlighted that 150 minutes represents <2.5% of a person’s waking hours. Many apparently active people
meeting the 150-minute-per-week target are still at risk because many of their remaining waking hours
(>60%) are spent sitting [1].

When delivering activity interventions, changes to both total daily energy expenditure (physical activity) and
exercise capacity should be measured as independent outcomes across the prevention spectrum [2,3].
As summarised in Figure 6.1, prolonged periods of low- to moderate-level activity and spending more time
on one’s feet have now been linked to many cardiometabolic risk factors, while moderate to vigorous activity
which increases cardiorespiratory capacity has direct effects on vascular, endothelial and myocardial
function. Over the past 5 decades, the loss of energy expenditure in occupational and domestic life (200—
300kcal.day™!) has continued to far outweigh what many people feel they are gaining by participating in
sport, exercise and other intentional active leisure pursuits [4]. The greatest shift in physical activity patterns
has therefore been from ‘light’ activity towards more sedentary behaviours, while the number of people
engaged in moderate to vigorous activity is actually unchanged and in some cases has increased in the past
15 years. In response to this, the WHO’s most recent target is to reduce physical inactivity by 10%. Globally,
physical inactivity prevails on average in 40% of individuals with CVD; more alarming is that in developed
countries, this figure rises to as much as 70% [2]. Many of the data have been collected from ‘self-report’,
but where more objective accelerometer data have been collected, figures from the US and UK have shown
95% of the population being classified as inactive [1].

The scientific link between physical activity and cardiovascular health was first studied and then reported in
the 1950s and 1960s by epidemiological and public health pioneers Jeremy Morris (UK) and Ralph
Paffenbarger (US). This is not to disrespect that in 1772, Dr William Heberden (the physician who defined
the term ‘angina pectoris’) reported to the Royal College of Physicians in London that a patient’s angina
symptoms were resolved by sawing wood for 30 minutes per day. It is of particular note that this is occupa-
tional activity, and not exercise or sport. All too often, exercise and sport can tend to become a focus of
social health promotion schemes. The important fact to recognise is that the loss of activity in occupational
settings, and not a lack of leisure-time sport or exercise, is the key agent underlying ill health. People who sit
for most of their day at work have a 15% greater risk of premature mortality, compared with those who have
a job which requires standing most of the day. It is interesting to note that Hippocrates also recognised the
value of health-related activity coming from both ‘natural exercise’ (that which occurs in daily life) and
‘artificial exercise’ (sport and recreation). Examples from Brazil have highlighted the importance to health
of changing the built environment, the workplace and leisure-time habits at home, as opposed to leisure,
exercise and sports facilities/programmes [3].

In addition to avoiding prolonged periods of sitting, if people do engage in moderate to vigorous levels of
activity, which lead to improved cardiorespiratory fitness, then all-cause and cardiovascular mortality are
reduced by up to 50% [2]. It has been shown that the strength of this evidence is greatly improved when
fitness is measured from an exercise test as opposed to self-reported physical activity in leisure time. Self-
report physical-activity measures in large population cohorts have up until recently not been able to capture
very well the non-exercise-activity component of daily movement (occupational and domestic) [1]. Even
when an individual has other risk factors, such as high lipids, high blood pressure, diabetes, obesity, chronic
lung disease, family history or smoking, exercise leads to a reduced CVD morbidity and mortality of between
20 and 50% [7]. The WHO and chief medical officers around the world have recently changed their advice
regarding children and older or frail adults, cautioning against simply sitting too much. The recommended
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doses of aerobic activity (e.g. 150 minutes’ moderate- or 75 minutes’ vigorous-intensity per week) can be
performed in multiple bouts of at least 10 minutes. With regard to strength training, it has beneficial effects
on CVD risk factors, including blood glucose, insulin control and resting metabolic rate, as well as providing
better functionality and quality of life for older, frailer individuals [6]. In terms of a specific structured
exercise dose (frequency, duration and intensity) to improve cardiorespiratory fitness and muscular strength/
endurance, the guidelines for the prevention and rehabilitation of CVD are quite similar (see later).

Physical Activity within Rehabilitation and Secondary Prevention

One of the strengths of the exercise evidence base in CVD rehabilitation and secondary prevention is that it
is mainly drawn from interventional randomised controlled trials (RCTs) [8]. For primary prevention, on
the other hand, much of the evidence continues to be observational or epidemiological. This is not to say
there are not practical confounders in the cardiac rehabilitation evidence. With respect to the lower-than-
ideal uptake of cardiac rehabilitation globally [9], this may indicate a selection bias among patients entered
into research trials: usually, they are Caucasian males between 45 and 65 years of age who are educated
about and motivated to engage in participation. Education and socioeconomic status are strong key risk
factors for CVD [8]. One of the challenges that most front-line cardiac rehabilitation professionals face is to
offer a service that reflects the research trials; in many ways, the research trials are tightly controlled, with a
high ratio of staff supervision, and they often exclude the types of participant (e.g. older, lower sociodemo-
graphic status, with many comorbidities) who are most in need of rehabilitation and secondary prevention
guidance [8]. Furthermore, the modes of exercise used in these trials are often limited to just cycle ergometer
and treadmill. Encouragingly, an increasing number of trials and guidelines recommend combining aerobic
and strength training, which leads to better outcomes compared to aerobic exercise alone [6]. Rehabilitation
programmes must always aim to be as full as possible, however, and must make the best use of the evidence
base in order to support the case for an appropriately ‘dosed’ exercise component. The exercise dose is noted
in Box 6.1 in terms of frequency, duration and intensity; it would seem frequency is a likely main culprit for
people not attaining the correct ‘dose’. There is little or no evidence on the effects of sedentary behaviour
within secondary prevention, but it would seem sensible that the evidence from primary prevention of its
links with cardiometabolic risk factors would apply.

Box 6.1 Exercise Training Recommendations for Enhancing
Cardiorespiratory Fitness

* A frequency of 3—5 sessions per week

e An accumulated duration of sessions of 20-60 minutes, performed either continuously or with intervals of
active recovery

* An intensity of moderate to vigorous effort (ranging from 40 to 75% of VO,__ or, for more precision, near to
or at the ventilatory or lactate threshold); associated target heart rates and ratings of perceived exertion (RPEs)
are typically used in practical settings to represent these ranges or thresholds of intensity (40—75% of heart rate
reserve, Borg RPE score of 11-14 or Borg CR10 score of 2-5)

* Inclusion of resistance/strength training for 8 to 10 major muscle groups, performing 10 to 15 repetitions at an
intensity up to 70% of a one-repetition maximum

(Data sources: AACVP [10], BACPR [11], Mezzani et al. [12], Conraads et al. [13])

The Cochrane Reviews of RCT's have clearly defined a relationship between aerobic training and cardiac
mortality in patients with established coronary heart disease (CHD) [8]. The typical doses of activity they
report have led to the recommendations summarised in Box 6.1, on the basis of which most guideline
recommendations are made. From reviews of key evidence, it has been difficult to define a ‘minimum’
beneficial threshold of intensity in cardiac patients, due to a number of other competing factors at baseline
(e.g. baseline fitness and previous activity levels), but there is confidence in outcomes when the exercise
intensity exceeds 40% of VO, __ . In promoting a more flexible model for the provision of exercise (especially
in lower-income or developing countries), which must be adapted to the psychological, sociological and
geographical (clinic, community or home-based) needs of the patient, this intensity range also encompasses
the effective lower-supervision, lower-intensity and lower-risk Australian model pioneered by Goble and
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Worcester in the 1980s [14]. This model was designed to achieve the widest possible delivery of safe and
beneficial rehabilitation in the disparate, low-population-density make-up of Australia.

The combined outcomes from the evidence for exercise-based rehabilitation have shown all-cause and
cardiac mortality being reduced by 13 and 26%, respectively [8]. Furthermore, rehabilitation programmes
that include regular aerobic training have shown a reduced incidence of recurrent myocardial infarction
(MI) and unplanned hospital readmissions and an improved functional capacity and self-perceived quality
of life [8]. In addition to the traditionally recommended exercise training goals, cardiovascular health and
rehabilitation specialists need to place equal value on patients being as active as possible throughout their
day, even if this includes lighter-intensity activity and avoiding prolonged periods of sitting [14,15].

The causal relationship between physical activity and the reduction of CVD has been attributed to
multiple biological, psychological and social changes, which favourably alter a number of established
atherogenic risk factors, including the integrity of both the coronary and systemic arterial endothelia and
factors affecting or improving myocardial function [7]. Risk factors benefitting from physical activity
include high blood pressure, dyslipidaemia and insulin resistance [15]. Whilst it can be argued that many
of these risk factors can be managed medically, exercise has proven to have its own independent benefits
on cardiovascular health in both primary and secondary prevention, including arterial endothelial
integrity, as influenced by an enhanced vasodilatory responsiveness to exertion/stress, a reduction in the
potential of atheromatous plaques to rupture and reduced inflammatory markers associated with
the development of atheroma [5]. In one trial of stable angina patients, exercise proved more medically
effective than angioplasty after 12 months, with a 12% event rate in the exercise group versus 30% in the
angioplasty group.

Within a comprehensive model of cardiac rehabilitation, it has been estimated that half of the benefit comes
from exercise training and the other half from reductions in the major risk factors (medical, psychological
and lifestyle interventions), especially smoking [16]. However, the value of exercise in the longer term is an
area that needs more attention. Programmes delivered for 12 weeks have reported maintenance of exercise
capacity for up to 1.5years [17], but few studies have provided data for periods longer than this. One of
the only long-term studies, which followed patients up for 14 years [18], reported that those who attended
more sessions within a 4-month rehabilitation period had greater survival at 14 years, but much of the
influence was affected by smoking status. Questions arise around how long-term sustainability of physical
activity and exercise capacity can be achieved when most programmes last for just 12 weeks, or 26 weeks at
best. Efforts related to developing patients’ self-management skills, behaviour and long-term maintenance
of physical activity are thus a vital component of rehabilitation [19].

Early Commencement of Exercise Rehabilitation

The earliest possible commencement of exercise following a coronary event or intervention has now been
demonstrated to be an important factor in preventing subsequent negative myocardial remodelling, and
thus is included in recent recommendations [20]. Further benefits include a number of psychological factors
(stress, anxiety and depression) [21]. The outpatient physical activity plan should be commenced following
risk stratification and an assessment of functional capacity, which also becomes part of the risk stratification.
Maximal exercise capacities <5 metabolic equivalents (METs) (VO, <17ml.kg™'.min™") are associated
with higher-risk patients and >7 METSs with lower-risk. The evidence for early commencement and related
strategies for increasing patient uptake of rehabilitation is robust, but more evidence is required on the most
effective ways to influence adherence [19]. With the advancement of new ‘personalised’ and electronic tech-
nologies for monitoring, communicating, managing and measuring daily activity and exercise [22], it will be
of interest for future investigators to evaluate their role in long-term adherence as part of or following a
programme of rehabilitation.

There may be concern around early commencement of exercise for some patient groups, especially those
who have recently undergone coronary artery bypass surgery (CABG), had a diagnosis of congestive heart
failure, suffered an MI, received a heart transplant or received therapy and/or implantation of a device for
controlling arrhythmias. Establishing a physical activity plan and exercise programme for some of these
groups should be thought of as no different to prescribing beta-blocker medication to patients with heart
failure, however. If the full recommended dose were to be given at the outset, it might put the patient at risk,
but if the prescription and administration of the dose are titrated over weeks up to an optimised level, which
works in concert with the expected adaptation/healing processes, the body will have time to adapt and adjust
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in a safe and effective way. For physical activity, this managed up-titration model should also be seen as a
psychological and social process [11].

Reducing Risk of Exertion-Related Events

Whatever cardiovascular condition(s) a patient has, reducing the risk of provoking an exertion-related event
is in part related to how the exercise programme is structured. This is of particular importance when starting
rehabilitation early, which coincides with periods of healing and physiological stabilisation following an
acute event, treatment and/or surgery. There are three factors that need to be considered when aiming to
reduce the risk of an exertion-related event:

» assessment and risk stratification (see [10] for details);
* pre-activity screening and monitoring of patient status or of contraindications to physical activity;
* monitoring intensity and related levels of supervision.

Many guidelines and standards are written with the assumption of risk stratification and that contraindications
will be set for individuals undergoing a maximal exercise test or moderate to vigorous supervised activity.
Educating and training patients to self-monitor and self~-manage their conditions is important if they are to
feel confident to continue participating in the longer term. The level of exertion-related risk is dependent on
a variety of parameters and on the context in which physical activity is being performed, including:

» exercise tests and assessments (submaximal or maximal);

« light- to moderate-intensity activity that is part of normal daily functioning at home, at work or as part of
transport;

* nonsupervised moderate to vigorous activity (structured sessions or as part of work,leisure pursuits or
transport);

« supervised structured moderate to vigorous activity.

Warm-Up and Cool-Down

All moderate to vigorous exercise sessions should be preceded by a graduated warm-up (up to <40%
VO, .. or <40% HRR or<RPE 11) and followed by a de-graduating cool-down. The aim is to gradually
upregulate (warm-up) and downregulate (cool-down) the following processes: adrenaline release; vasodi-
lation to the heart, skeletal muscles and skin; bronchodilation; time to shift oxygen transport from the
viscera to the exercising tissues; and blood glucose and muscle metabolism. Collectively, these considera-
tions are aimed at preventing ischaemia, arrhythmia, postural hypotension and breathlessness and at
reducing reliance on anaerobic muscle metabolism [23]. As in athletes, a well-controlled warm-up also
leads to improved exercise performance, which may provide patients with a greater sense of satisfaction
and confidence.

In order to cover all the activities required for a safe and effective programme, a 15-minute warm-up and
10-minute cool-down are recommended to ensure the necessary physiological processes have occurred to
best prevent any adverse events of ischaemia, dyspnea, syncope or arrhythmia [10-12,23].

Medication Considerations

Key CHD medications, such as angiotensin-converting enzyme (ACE) inhibitors, beta-blockers, statins and
nitrates, may interact with the physiological processes of exertion, especially when starting or ending with
rest. These include augmenting the chances of exercise-related postural hypotension and muscle aches and
fatigue, and downregulating fat metabolism but preventing heightened catecholamines related to arrhyth-
mia [24]. However, the creation of postural hypotension as a result of moving from a seated or floor exercise
to a standing one in the middle of a session could provoke acute reductions in venous return and thus reduce
myocardial perfusion, leading to ischaemia.

For exercise testing and the prescription of beta-blockers or ivabradine, a reduction in maximum heart rate
of 20-30 beats.min™! should be expected [25].
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Post-surgery and Early Rehabilitation

For all groups of CHD patients, uptake of exercise-based rehabilitation is usually greatest in those following
CABG [26]. This is likely to be a result of the pathway of treatment and care for CABG being very predict-
able, timed and structured. Along with the overt visual reminder to the patient of the seriousness of their
disease and of the surgical procedure, these facts seem to conspire towards patients more easily adopting
and achieving the goals of rehabilitation (compared to other groups). This structure includes designated
pre-surgery preparations and education, an in-patient phase of 5-7 days in hospital and up to 6 weeks’
required convalescence [10].

It is recommended that structured moderate to more vigorous aerobic exercise training commence no
earlier than 2 weeks post-hospital discharge, and more ideally at 4 weeks [27].

Post-surgery, Early Aerobic Activity and Strength Training

Commencing post-CABG rehabilitation early (~10days post-discharge) should involve light-intensity
aerobic activity, upper-body mobility and lower-limb strength training. There is now good evidence, which
includes older people (>75 years), that it is safe and effective to commence normal resistance-strength training
of the lower limbs (e.g. 10 to 15 repetitions at 60% per repetition maximum) at 2 weeks post-CABG
discharge [28]. It has even been demonstrated that performing upper-body exercise with moderate weights
soon after CABG surgery puts far less stress on the sternum than a forceful sneeze [29]. As a precaution,
sternal stress can be greatly reduced if arm exercises are performed with the humerus held in adduction
(elbows kept near to the thorax).

Note, however, that the key assumptions of all these elements is that the patient has recovered without
complication and is feeling well, and that the surgical wounds in both the chest and the leg are healing well,
without infection.

Typical Post-surgical Complications

Transient atrial fibrillation may be found in 25-30% of patients in the early postoperative period, or up to
60% following more complex surgery (e.g. addition of valve surgery). Atrial fibrillation is usually self-
limited, and the vast majority of cases will revert to sinus rhythm within 24 hours. However, in a smaller
proportion of patients, it can persist up to many weeks before spontaneously resolving [30]. Reviews reveal
that predisposing factors to atrial fibrillation normally include advancing age, presence of heart failure,
peripheral vascular disease (PVD), pulmonary disease and preoperative tachyarrhythmias or pericarditis.
Pre-exercise risk stratification, screening, medical management and programme adaptation should there-
fore include all of these factors, and heart rate/symptom reporting should be routinely documented on a
regular basis during the whole period of rehabilitation. It is important to ensure that participants with
atrial fibrillation can use ratings of perceived exertion effectively, and to document the METSs at which
they are observably comfortable or struggling (either during an exercise assessment or during activities in
which METSs can be best and most accurately estimated, e.g. cycle ergometer, treadmill walking, stepping
height and rate) [11].

Pre-surgery Exercise

The evaluation of pre-surgical cardiorespiratory fitness and exercise training is increasingly becoming
common practice in many conditions, aimed at reducing surgical and post-surgical complications and at
improving post-surgical health outcomes [31]. Survival rates at 12 years’ follow-up have been reported as
significantly favourable for those who received pre-CABG surgery exercise training [32]. Pre-surgery anxiety
and depression are predictors of increased mortality, so psychological aspects of rehabilitation and the
potential contributions that exercise may have alongside psychological interventions have been highlighted
as important [33]. Furthermore, pre-surgery exercise influences post-surgery uptake and the outcomes of
rehabilitation [33]. Inspiratory muscle training has also received some attention pre- and post-surgery, but
larger trials or data sets are required to increase confidence in their validity.
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Post-Angioplasty and Post-Myocardial Infarction

Compared to the >70% uptake in CABG groups, exercise-based rehabilitation uptakes in post-angioplasty
and post-MI patients are much lower (<30 and <50%, respectively) [26]. Following treatment for MI and
ischaemic heart disease, the earliest possible contact and commencement of rehabilitation have been shown
to have some favourable influences on uptake of exercise [19,34].

Unlike CABG, hospital stays for those with coronary angioplasty (percutaneous coronary intervention,
PCI) following either elective treatment or MI are now very short. This reduces the time available for
inpatient rehabilitation and secondary prevention preparations. Furthermore, many patients are likely to
return to normal aspects of their social and work life within a few weeks. Such achievements in medicine
seem impressive, but this does reduce the amount of time available in which to engage with patients and
encourage and support them to participate in exercise sessions and to provide advice on becoming more
physically active in daily life. From this perspective alone, the value of commencing rehabilitation as soon as
possible and of offering patients choices as to where and when (time of day) they can participate can be seen
[19]. It is interesting to note that in the UK and Australia, neither an early return to work nor available
transport to rehabilitation have been found to be significant reasons for not taking up rehabilitation [26,35].

Early exercise rehabilitation in stable patients following MI, which begins within 1 week of discharge and
lasts for 12 weeks, prevents significant amounts of negative ventricular remodelling [20]. When exercise is
delayed, there is a gradient effect, where with every 1-week delay in commencement, an extra 1 month of
exercise training is required to achieve the same ventricular remodelling benefit. In all 12 studies
(647 patients) included in Haykowsky et al. [20], the exercise intensity was >60% VO, peak, which is within
the target intensity range recommended in many guidelines (see Box 6.1).

Post-Angioplasty Complications

An obvious cause for concern with early rehabilitation following angioplasty is that some patients may be in
a vulnerable period for complications, which can lead to rehospitalisation within 30-60 days [36,37].
Between 10 and 20% of post-angioplasty patients will be readmitted to hospital within 30 days [38,39].
These patients tend to be either older, female or to have existing heart failure or chronic kidney disease [40].
Rehabilitation practitioners should therefore include these factors in their risk stratification and ensure
symptom assessments are frequent, including encouraging patient self-monitoring.

Presenting symptoms of post-angioplasty complications include recurrent angina. Offering early exercise-
based rehabilitation, which includes standardised preactivity screening by trained clinical staff, may actu-
ally enhance the chances of early detection of such complications and is known to reduce rehospitalisation
rates by up to 58% (versus predicted rates) [8,19]. Compared with more sedentary individuals, patients
who are regularly physically active (as part of a dedicated self-management programme) are likely to better
detect and/or manage symptoms and recognise the onset of disease progression [21].

With the promotion of early rehabilitation, it will be interesting to see whether evidence emerges to show
that exercise can contribute, like statins, to acute endothelial function and antithrombotic benefits. As noted
earlier, exercise has shown some significant benefits for the longer-term effects of endothelial function and
in the prevention of atheromatic events following rehabilitation, usually when commenced 4 weeks post-
event. Recent evidence on the independent effect of exercise is less clear, however, because it is usually
delivered as part of a lifestyle and risk-factor management package [6,19]. Future evaluation of the acute
ameliorating effects of exercise commenced soon after angioplasty may help better highlight its independent
benefits (singularly or collectively) in reducing endothelial dysfunction, thrombosis and restenosis.

Conclusion

For any individual, but especially those who are sedentary and inactive, the avoidance of sitting and
regular performance of even light (but preferably moderate or vigorous) activity will at least reduce key
CVD risk factors and at best act as an independent risk factor for reducing CVD morbidity and mortality
in all groups (asymptomatic, symptomatic or post-medical intervention). Whilst this chapter has focused
on the prevention and management of atherosclerotic disease, it is important to recognise that with
advancements in medicine, emergency care and public education, survival rates from ischaemic heart
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disease have greatly improved. As a result, in conjunction with the rise in mean population ages in
developed countries, the future of prevention and rehabilitation programmes will increasingly need to
accommodate older people with heart failure, internal defibrillators, heart transplants and neurological
and musculoskeletal comorbidities.
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Introduction

The death of a seemingly healthy athlete is always shocking, and impacts not only the athlete but the
surrounding community as well. The frequency of such an occurrence is the topic of much debate, with
some stating the incidence is as high as 1 in 5000 in high-risk groups [1] and others likening it to death from
a lightning strike [2]. The most common causes of sudden cardiac death (SCD) are also debated. In Europe
and other parts of the world, autopsy-negative sudden unexplained death (AN-SUD) is the most common
finding at autopsy after suspected SCD. In the US, hypertrophic cardiomyopathy (HCM) has long been
viewed as the most common cause of SCD [3], although recent research challenges this assumption [1,4].
This chapter will examine the incidence of SCD in different age groups and populations, as well as the
strengths of the methodologies used to arrive at these determinations. In addition, the causes of SCD in
different ages, populations and parts of the world will be explored.

Developing a Numerator and Denominator

To develop an accurate estimate of the incidence of SCD, both a reliable numerator (cases identified) and
an accurate denominator (population studied) are required. Uncertainty or variability in either the numerator
or the denominator will result in imprecise estimates. Cases are identified in a number of ways, including
mandatory reporting, voluntary registries and review of media reports, death certificates or insurance claims.
Mandatory reporting of an athlete’s death offers the most reliable method of case identification, but in most
countries this is not required, and it may be difficult to determine whether SCD occurred in an athlete or in
association with sporting activity. Registries are another way of collecting athlete deaths, but this method is
subject to ascertainment bias, and typically the denominator is difficult to define.

Media Reports

Media reports are frequently used to identify cases of SCD, although the ability to accurately detect all
deaths in a given population using this method is questionable. In one study in Denmark, where there is
mandatory reporting of death, only 20% of identified athlete deaths were found by an extensive media
search [5]. A follow-up study determined only 2% of overall sports-related SCD was identified through
media searches (3% of this in noncompetitive athletes, 9% in competitive athletes) [6]. In another study
tracking deaths primarily through media sources over 27 years, there was a steady increase in findings, which
was attributed to improved media search strategies and the use of Internet search engines [3]. In a US study
examining college athletes over 10 years, media reports identified 70% of athlete deaths, but significantly
more were identified in higher-profile division I athletes (87%) than in lower-profile division II (61%) or
division IIT (44%). SCDs identified by an internal database did not vary between divisions [1]. Studies using
media reports to identify deaths in lower-profile populations, such as high-school or recreational athletes,
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will likely miss a greater proportion of deaths. Although media reports are frequently the only option for
case identification, this method clearly underestimates cases and leads to reduced assessments of the
incidence of SCD.

Insurance Claims

Insurance claims have been used as a way to identify cases, but insurance for athletes typically only covers
death occurring at a supervised team practice, game or activity, and thus encompasses only a fraction of
an athlete’s life. A study of Minnesota high-school athletes estimated the rate of SCD to be 1 in 917 000
athlete-years over the previous decade based on a review of insurance claims, which identified only one
SCD during that time period [7]. However, a review of Minnesotan high-school athlete SCDs captured
in a media database during the same time period demonstrated six SCDs [8]. Thus, although media
reports identify only a fraction of total deaths, in this instance they detected six times as many SCDs as
insurance claims. In a study of US college athletes, only 9% of deaths identified during a 10-year time
period were indicated by insurance claims [1]. SCD rates based on insurance claims severely underestimate
the incidence of SCD.

Activity at Time of Death

Initial studies of incidence in the US relied on data from the National Center for Catastrophic Injury
Research (NCCSIR), whose mission is to conduct surveillance of catastrophic injuries and illnesses related
to participation in organised sports. A death needs to have occurred within an hour of sporting activity in
order for it to be included in the registry. At its inception, the purpose of the NCCSIR was to compare
catastrophic injuries and deaths among sports in order to better inform rule and equipment changes, so
death occurring outside of sport-related activity was not included in the registry. However, for cardiac-
related morbidity, this distinction poses several problems. Many cardiac deaths which may be triggered or
hastened by athletic participation occur outside of the heavy exertion of training. In fact, studies reporting
activity at the time of SCD in both young populations and athletes demonstrate that 30-45% of deaths
occurred during sleep or non-exertion [1,5,9-12]. In addition, the NCCSIR only represents ‘organised
sports’. Deaths that occurred whilst participating in club teams, intramurals, recreational teams, off-season
practice, training or gym class are not included even if the athlete was also part of an ‘organised’ team.
Therefore, although the NCCSIR served many of its stated objectives, cardiac risk in an athlete needs to be
viewed from a broader perspective.

The NCCSIR has recently changed its surveillance practices regarding sudden cardiac arrest (SCA) and
SCD to include cardiac events that occur in an athlete at any time.

Defining a Population

The incidence of SCD varies significantly with age. Therefore, when examining incidence rates, the age of
the cohort needs to be clearly understood. From birth to 2 years, there is a high rate of SCD due to
congenital heart disease (CHD); this then drops, and remains low until about the age of 14 [9,11,13].
There is not currently good evidence to suggest whether high-school (14-18) or college-age (19-24)
athletes are at equal or disproportionate risk. It is evident, however, that after the age of 25, the risk of SCD
goes up considerably, and that the majority of this increased risk is due to coronary artery disease (CAD)
[9,11,13,14]. Data must be interpreted carefully in studies that include athletes both under 14 and over
25, as their incidence rates differ.

What about the Denominator?

Whilst it may be argued whether the incidence of SCD is 1 in 1 000 000 athlete-years or 1 in 50 000, it is
still a rare enough occurrence to require large populations for study. There are few defined groups that are
large enough to generate the number of deaths required to adequately study incidence and yet still track
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sufficiently for SCD occurrence. In the general population, population statistics can be used as a denominator,
but it is more difficult to use them when determining the underlying percentage of athletes and their level
of competition, creating significant room for error. In some countries, such as Italy, there is mandatory
registration of athletes, which can be used as a denominator; this is also the case in the US military [15-18].
There are also well-defined athlete groups in the US, such as the National Collegiate Athletic Association
(NCAA), although this covers a limited age group. When evaluating any study, the accuracy of the denominator
needs to be clearly understood.

The Incidence of SCD

The reported incidence of SCD varies widely and is dependent on the population studied and the study
methodology. Currently, 15 studies report on the incidence of SCD in athletes, of which six report on
general athlete populations with broad age ranges (8—44), four report on college-age athletes (~18-24) and
six examine high—school athletes (14—18) (Tables 7.1-7.3). The studies investigating the general population
can be divided into two distinct groups, based on the classification of SCD as exertional or as occurring at
any time. The three studies which include only exertional SCDs find incidence rates ranging from 1 in 300 000
to 1 in 82 645 athlete-years [5,13,19]. In one, by Van Camp et al. [19], cases were identified by media report
prior to the advent of the Internet and the denominator was estimated based on participants in a variety of
athletic associations. The other two studies are both from Denmark. They encompass two distinct time
periods and identify cases from death certificates, with autopsies and medical records available for most.
It is unlikely that many deaths were missed in these studies [5,6]. However, the presence of SCD could only
be discerned from a review of the available records, and only if the athletes were exercising at the time of
death [5,6]. The denominators were estimated from population surveys regarding athletic activity and then
extrapolated to years in the study period. In addition, one of the studies included only a small number of
cases — just three athlete SCDs per year over the 3-year study period — creating wide confidence intervals for
incidence estimates (Table 7.1) [6].

There were three incidence studies examining SCD occurring at any time in athletes with broad age ranges,
with incidence estimates ranging from 1 in 37 593 athlete-years to 1 in 163 934 [3,15,20]. In an Italian
study which prospectively followed athletes over 20 years, the rate was 1 : 43 478 [15]. Similar incidence
rates were found in an Israeli study, but this was a retrospective review of deaths noted in two newspapers
from 1985 to 2009, with an estimated athlete denominator. This cohort included athletes up to 44 years of
age, including a relatively large proportion of those who died from CAD, so rates may be higher than in
studies with a lower age cut-off [20]. Studies utilising prospective identification of cases and including death
in athletes occurring at any time demonstrate higher athlete SCD incidence numbers.

Four studies examine SCD in US college athletes, all of which provide similar estimates, ranging from 1 in
43 770 to 1 in 67 000 [1,12,21,22]. These studies include athletes with SCD on or off the court or field of
play. Given the similarity of the estimates, this is likely an accurate representation of the incidence of SCD
in college athletes, although there appear to be subgroups at substantially higher risk. Studies in US high-
school athletes are more difficult to compare, due to methodological differences and difficulty with case
identification. Two studies using insurance claims for case identification include only SCDs occurring with
exertion whilst participating in an officially sponsored activity; these estimate the incidence of SCD to be
1:217 000-917 000 athlete years [7,23]. These rate are low, given that insurance claims represent a small
fraction of total deaths [8]. Other studies look at both SCA and SCD, but only incidences that occur whilst
physically on the high-school campus, again limiting the timeframe of surveillance [24,25]. One of these,
which is survey-based, reports an SCD rate of 1 in 46 000 [24]. The other, which is prospective, reports 18
occurrences of SCA with an 89% survival rate, demonstrating the need to include SCA events with survival
in calculations. The rate of SCA/SCD in this latter study is 1 in 87 719 athlete-years overall, and 1 in 57 000
in males [25].The wide range of SCD estimates for high-school athletes reflects the need for better reporting
and collection strategies.

There appear to be subgroups of athletes at higher risk for SCD. These include males, African/Afro-Caribbean
athletes and basketball players [1,12,22]. In most studies, males represent 80-100% of those with SCD
[1,3,5,7,19,22]. Some have suggested that this is because greater numbers of males participate in sport, but
the difference is not large enough to account for the extremely high incidence of SCD [1,15]. In a prospective
study of Italian athletes, males were 2.4 times more likely than females to have an SCD event [15], whilst in
a study of college athletes, males had a 3.2 times higher risk [1]. A prospective study of high-school athletes
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7 ¢ Incidence and Aetiology of Sudden Cardiac Death

demonstrated male athletes were 5.65 times more likely to have an SCA or SCD [25]. In studies that identify
cases using media reports, this difference might be accounted for by the fact that the death of a male athlete
is often higher-profile and therefore more likely to be reported on, but the same difference occurs in prospec-
tive studies and in studies using other methods of case identification.

African/Afro-Caribbean athletes also appear to be at higher risk. In studies of US college athletes, SCD is
reported to occur three to five times more frequently in African/Afro-Caribbean athletes compared to
Caucasian athletes. Many studies on the incidence of SCD do not report on the rate of SCD but note that
African/Afro-Caribbean athletes appear to have a disproportionate number of deaths [3,18]. It has been
noted that African/Afro-Caribbean athletes have a higher rate of abnormal electrocardiogram (ECQG)
patterns, although it is not clear whether these are false positives or early signs of pathology.

It also appears that male basketball players have an unusually high risk of SCD. In a study examining US
college athletes, the risk of SCD was 1 in 9000 athlete-years, or 1 in 5000 for those in the upper divisions
[1]. Higher rates of SCD in male basketball players compared to other athletes have also been noted in high
school [8]. It is unclear why basketball players are at higher risk. Basketball is a highly dynamic sport and
tends to select out a certain body habitus. More study is needed to better understand this finding.

Are Athletes at Greater Risk of SCD than Non-athletes?

Five studies compare the risk of SCD in athletes to that of the general population. Most suggest that SCD
is more common in athletes. A prospective Italian study determined that athletes had a relative risk of SCD
of 2.5 compared to non-athletes [15]. Another prospective study in France followed reporting of SCD by
emergency-service responders and found that sports-related sudden death had a 4.5 times higher incidence
than SCD in the general population [26]. Finally, a prospective study examining SCA/SCD in US high
schools reported a 3.65 greater risk in athletes compared to non-athletes [25].

Two studies from Denmark suggest that SCD is 3.3—6.7 times more common in the general population
than in athletes, but these compare exertional death in athletes with death occurring at any time in the
general population, perhaps accounting for some of the disparity [5,6]. These are both retrospective reviews
of death certificates and, in most cases, autopsy reports, and some cases may not have been correctly
identified as athletes. It would appear that the preponderance of evidence supports athletes as being at
higher risk for SCD.

Relative Frequency of SCD

The incidence of SCD has been compared to the risk of dying from a lightning strike [2], but this appears
to be more metaphorical than factual. Over the last 9 years, there has been an average of 32 deaths per year
from lightning strikes in the US [27]. With a population of approximately 320 000 000, that equates to a risk
of death from lightning strike of 1 in 10 000 000 person-years. This is considerably different than even the
most conservative estimate of SCD.

There has also been concern that car accidents, suicide and homicide are significantly more common than
SCD in athletes [2], but true comparisons of rates require similar methods or populations. In a review of US
college athlete deaths over a decade, the risk of death in an automobile accident was 1 in 27 000 athlete-
years, or approximately twice the risk of an athlete SCD. However, athletes at higher risk, such as male
basketball players, were three times more likely to have an SCD compared to death in a car accident [1].
In this same cohort, SCD occurred twice as frequently as both suicide and homicide. Comparative risks for
younger athletes or for athletes in other countries are not available.

Aetiology of SCD

The most common finding at death in athletes with presumed SCD is a pathologically normal heart or
AN-SUD [1.,4,5,28]. In Italy, it appears that arrhythmogenic right ventricular cardiomyopathy (ARVC) is
more common [15], and in the UK, left ventricular hypertrophy/possible HCM [29]. In both studies,
autopsy of the heart was done at a specialised centre, which may have discovered findings that would have
been missed at places with less expertise — this might account for some of the discrepancy. Genetic variation
between regions of the world may also account for some differences in the causes of SCD in different
countries. In the US, it has long been suggested that HCM is the most common cause of SCD, accounting
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for over a third of all cases; however, this information originates from the US Registry for Sudden Death in
Athletes (USRSDA), which is based out of an HCM centre, likely creating ascertainment bias [3]. Studies
of aetiology in the US are primarily autopsy-based, but there are significant differences in the training of
those performing the autopsies and in the tests and methods used. Recent information from the US suggests
HCM may be less common and AN-SUD more common than was previously appreciated [1,4]. Moving
towards a standardised autopsy at specialised centres and molecular autopsy will improve our understanding
of the aetiology of SCD.

Conclusion

The incidence of SCD in athletes varies with age, sex and sports played, with males, African/Afro-Caribbean
athletes and basketball players at increased risk compared to other athletes. A wide range of incidences is
reported in the literature, but much of the variability in similar populations can be attributed to differences
in study methodology. Prospective studies of large, defined populations with mandatory reporting of death
and specialised cardiac and molecular autopsies are optimal, but few exist. The incidence of SCD in athletes
aged 18-24 years is about 1 in 50 000. After the age of 25-30, incidence increases drastically secondary to
CAD. Worldwide, AN-SUD appears to be the most common finding after SCD. There is evidence that this
is also true in the US, where HCM was previously determined to be the chief cause of SCD. SCD is the
leading medical cause of death and the leading cause of exertional death, and is a comparable public health
risk to automobile accidents, suicide and homicide in populations where direct comparisons have been
made. As we move forward, systems with mandatory reporting and prospective identification of cases should
improve estimates of the incidence of SCD. A good understanding of the incidence of SCD is critical to a
correct appreciation of effective primary and secondary prevention measures.
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Introduction

The sudden death of a young athlete from a cardiac disorder is particularly emotive and is often associated
with considerable media coverage, drawing attention to the youth, their athletic prowess and the number
of life years lost due to a cardiac disorder that could have been detected during life. The beneficial effects
of regular and intensive exercise for the prevention of cardiovascular disease (CVD) are well known [1].
Paradoxically, however, individuals who harbour a serious cardiovascular abnormality may be susceptible
to an increased risk of ‘exercise-related’ sudden cardiac death (SCD) [2]. Accordingly, pre-participation
evaluation (PPE) is now advised as a strategy to screen for potentially life-threatening disorders [3], which
if identified in a timely fashion can be appropriately managed through lifestyle modifications, pharmaco-
therapy and/or implantable cardioverter-defibrillators (ICDs), minimising the chance of an athlete suffering
an adverse cardiac event.

The Risk of Sudden Death in Athletes

Cardiovascular pathology leading to SCD is the most common medical cause of death in athletes, with
participation in competitive sport associated with a 2.8 times increased risk of SCD compared to sedentary
individuals [4]. Competitive sport is not per se the cause for SCD, but rather the combination of intensive
physical exercise with an underlying CVD can trigger a serious ventricular arrhythmia, ultimately leading to
cardiac arrest. Furthermore, the type of pathologic substrate also has a significant effect upon event rates,
with hypertrophic cardiomyopathy (HCM), arrhythmogenic right ventricular cardiomyopathy (ARVC) and
congenital coronary arteries anomalies [9] appearing to be the prime culprits in most cases of SCD.

The exact incidence of SCD in athletes remains controversial. Variability in incidence rates is largely caused
by differences in reporting methodology, the reliability of case identification and the accuracy of population
denominators. Most published studies are based on media reports or catastrophic insurance claims as their
primary method for case identification, often grossly underestimating SCD rates in athletes [2,5]. Recent
data suggest that the incidence is significantly higher than previously reported [6,7], with an overall incidence
of 1 : 50 000 in young athletes now considered a reasonable estimate. Furthermore, it is now known that
male athletes are at consistently greater risk of SCD than females, with male African-descent athletes at a
disproportionately greater risk than other ethnicities [6]. Within the Veneto region in Italy, we observed an

10C Manual of Sports Cardiology, First Edition. Edited by Mathew G. Wilson, Jonathan A. Drezner and Sanjay Sharma.
© 2017 International Olympic Committee. Published 2017 by John Wiley & Sons, Ltd.
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annual incidence of SCD in young (<35years) competitive athletes of approximately 3 : 100 000 [8].
This figure is derived from a prospective central registry covering the well-defined geographic area of Veneto,
with accurate data on the classification of responsible cardiac conditions (the numerator), alongside robust
athlete population figures calculated from sport federation registries (the denominator).

Rationale for Screening Competitive Athletes

There is universal agreement that exercise is a trigger for sudden cardiac arrest in individuals with underlying
pathologic cardiac disorders. In addition, early detection of at-risk disorders and the mitigation of risk through
activity restrictions and medical interventions are the very premises of PPE. Both the American Heart
Association (AHA) and the European Society of Cardiology (ESC) agree ‘that compelling justification exists
for cardiovascular pre-participation screening on medical, ethical and legal grounds’ [9,10]. This opinion has
now been endorsed by several sporting organisations, including the International Olympic Committee (IOC)
[11], Fédération Internationale de Football Association (FIFA) and Union Cycliste Internationale (UCI).

The Screening Programmes Implemented in ltaly

The athlete population in Italy (including all ages and both genders) is estimated to be 6 million, ultimately
representing the target for a national systematic PPE programme. As directed by the Italian government,
dedicated sport medicine clinics are distributed across Italy, with one or more in most major towns. These
clinics are run by specialists in sport medicine who, by law, are able to undertake PPE and provide medical
clearance for athletes to engage in competition.

The PPE protocol set is governed by legislation, with only minor differences according to type of sport and
level of participation. Accordingly, all individuals engaged in competitive sport are required to pass a medical
examination that includes a personal and family history, physical examination and 12-lead electrocardiogram
(ECQG), plus additional testing if it is deemed necessary by the examining physician (Figure 8.1). In adult
(over-40) competitive athletes, exercise ECG stress testing may also be undertaken in specific cases in
accordance with recommendations set by the Italian Society of Sport Cardiology [12].

The screening protocol for elite competitors (i.e. Italian Olympic and Paralympic athletes) is broader than
that dictated by the legislation for the general athlete population, and, with regard to the cardiovascular
system, includes exercise ECG testing and echocardiography (Figure 8.1). These examinations are under-
taken under the direction of the National Olympic Committee at the Institute of Sport Medicine and
Science in Rome. Certain professional athletes (such as football players participating in the first and second
national league) are examined by their team physician, in cooperation with selected consultants, within a
medical programme organised by the Football Teams and the Italian Football Federation.

Institute of Sport
Medicine and

Centers for Sport Olympic athletes Science, Rome

Medicine - all

major towns in Ccv pro;oEcoII_::(l:-lé,

Ital Paral ic athl ) ,
y aralympic athletes exercise ECG.

CV protocol: Hx, echocardiography

PE, ECG ‘
‘ Adult/senior amateur athletes

Figure 8.1 Pyramid of national screening programmes for athlete populations implemented in Italy. Young and
adult/senior amateur athletes are examined at sport medicine clinics, found in all major towns across the country,
by qualified sport medicine specialists, according to a protocol dictated by legislation (i.e. history-taking (Hx),
physical examination (PE) and ECG). Elite athletes, selected for participation in the Olympic or Paralympic Games,
are examined at the Institute of Sport Medicine and Science in Rome by qualified specialists in sport medicine
and cardiologists, according to a protocol implemented by the Italian Olympic Committee (i.e. Hx, PE, ECG,
exercise ECG and echocardiography)

Young amateur athletes
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Rationale for Including a 12-Lead ECG in the PPE

The available scientific evidence demonstrates that cardiac screening with personal history and physical
examination alone has a very low sensitivity. Cardiovascular symptoms are often diffuse, possibly vague
(e.g. palpitations, lightheadedness, fatigue) and frequent in adolescents and young adults. The sensitivity of
cardiac screening is improved with the addition of ECG, as the vast majority of athletes with underlying
cardiac abnormalities will have an abnormal ECG. It is now widely accepted that the 12-lead ECG, in
addition to history and physical examination, substantially improves the diagnostic power of the screening.
The ECG is abnormal in >90% of patients with HCM and in >60% of those with ARVC. Furthermore, the
ECG is able to capture electrical cardiac conditions such as Wolff-Parkinson—White (WPW) syndrome, long
and short QT syndromes, Brugada syndrome and Lénegre disease [3,8,13] Overall, these conditions
account for two-thirds of the causes of SCDs in young athletes (Figure 8.2).

A recent systematic review/meta-analysis of evidence comparing screening strategies suggests that the ECG
is five times more sensitive than history and 10 times more sensitive than physical exam, and that it has a
higher positive likelihood ratio, lower negative likelihood ratio and lower false-positive rate than either.
Specifically, Harmon et al. [14] reported that among 15 studies examining a total of 47 137 athletes, the
sensitivity and specificity of ECG were 94/93 %, history 20/94% and physical examination 9/97 %, respectively.
The overall false-positive rate of ECG (6%) was less than that of history (8%) or physical exam (10%).
Positive likelihood ratios were 14.8 for ECG, 3.22 for history and 2.93 for physical examination. Negative
likelihood ratios were 0.055 for ECG, 0.85 for history and 0.93 for physical exam. There were a total of 160
potentially lethal cardiovascular conditions detected, at a rate of 0.3%, or 1 in 294. The most common
pathology was WPW (n=67, 42%), followed by long QT syndrome (n=18, 11%), HCM (n=18, 11%),
dilated cardiomyopathy (n=11, 7%), coronary artery disease (CAD) or myocardial ischaemia (n=9, 6%)
and ARVC (n=4, 3%). The authors concluded that the most effective strategy for screening for CVD in
athletes is an ECG.

Efficacy of Screening to Identify Cardiac Disease Risk

A cardiac screening programme should be capable of identifying (or at least, raising suspicion for) the risk
of SCD. Of 33 735 individuals screened at the Centre for Sport Medicine in Padua, Italy, 22 (0.07%) were
identified as having HCM. Of these, 18 presented with an abnormal ECG (82%). If ECG was excluded
from the PPE, only 5 (23%) athletes would have been identified, based upon a positive family history,
symptoms and/or abnormal physical findings [15].

PPE is also able to identify a spectrum of cardiac abnormalities, including rhythm and conduction anomalies,
valvular disease, systemic hypertension, congenital heart disease (CHD), vascular disease and myopericarditis.
Of 42 386 athletes examined at the same sports medicine centre in Padua, 3914 (9%) demonstrated an
abnormal personal and family history, physical examination and/or ECG, of whom 879 (2%) were ultimately
considered to harbour a pathologic condition requiring sport restriction (Figure 8.3).

ECG Hx + PE
* HCM <90% <10%
* ARVC 60-80% <10%
* Dilated cardiomyopathy 30-60% <10%
* Myocarditis 30-60% <10%

* Marfan’s syndrome >90%

Valvular disease >90%
* Long- and short-QT syndrome >80% zero

* Brugada syndrome zero
* Pre-excitation syndrome (WPW) zero
* Congenital coronary artery anomalies <10%

Figure 8.2 Estimated probability of identification of major CVDs, by history-taking (Hx), physical examination (PE)
and 12-lead ECG in the context of a mass screening programme
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Young competitive athletes

42386

cVv
abnormalities

184
(0.5%)

) ) Rhythm and Valvular Systemic
Cardiomyopathies conduction diseases hypertension
anomalies

Figure 8.3 Spectrum of cardiovascular abnormalities detected at PPE by a combination of history-taking (Hx),
physical examination (PE) and 12-lead ECG

Although these experiences suggest that ECG screening is efficient in identifying asymptomatic HCM
athletes, a measure of caution is appropriate, in that 5-10% of young HCM patients may present with a
normal ECG. In such instances, the use of echocardiography has been advised as a regular part of cardiac
screening (as proposed by FIFA and the Union of European Football Associations (UEFA)). Whilst it is
expected that echocardiography will increase sensitivity, it does come at a significant cost (economically and
logistically), and is usually reserved for elite athletic settings with good economic resources.

Recently, we revised the results of the screening programme in place for Olympic athletes over the latest
10-year period. Of a population of 2300 athletes, a substantial subset of 6% was identified with cardiovascular
abnormalities, either structural or electrical. Specifically, echocardiography was responsible for identifying
(or confirming) the presence of several pathologic conditions, including arrhythmogenic cardiomyopathies
and congenital cardiac and valvular disease, that would not have been identified by the ECG screening
programme alone.

Similar results emerged from a selected population of 267 elite Paralympic athletes examined in the period
2004-12.The prevalence of cardiovascular abnormalities in this population was even larger, at 12%. Specifically,
9% of Paralympic athletes were identified with structural cardiac disease, such as hypertrophic and dilated
cardiomyopathies, as well as idiopathic aortic root dilation, other than congenital or acquired valvular disease.
In addition, 3% of the athletes presented major supraventricular or ventricular tachyarrhythmias in the absence
of structural cardiac disease, selectively requiring radiofrequency (RF) ablation.

In conclusion, our data demonstrate that elite athletes may harbour cardiac abnormalities in an unsuspect-
edly large proportion, including at-risk pathologic conditions, without any appreciable limitation in their
performance. This suggests that elite competitors may be exposed to an unacceptable risk in association
with sport participation and that they deserve more comprehensive medical surveillance than commonly
believed.

Impact of the Screening Programme on Cardiac Mortality

The only robust evidence to show that PPE is lifesaving is based on the Italian experience. Mortality data
derived from a time-trend analysis of the incidence of deaths in a 26-year period (1979-2004) [8] after the
introduction of PPE demonstrate that the annual incidence of sudden death in athletes decreased by 89%,
from 3.6 per 100 000 person-years in the pre-screening period to 0.4 per 100 000 person-years in the post-
screening period. By comparison, the incidence of death in an unscreened nonathletic population of the
same age did not significantly change over the same time. Death by the cardiomyopathies was greatly
reduced, with the proportion of athletes identified and disqualified due to HCM and ARVC doubling
from the early to the late screening period. Consequently, this study was the first to substantiate that a
systematic national screening programme can significantly decrease mortality via effective identification and
disqualification of athletes with an underlying and unsuspected cardiomyopathy.
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To date, the results of the Italian experience have not been reproduced by any other research groups. The major
criticism of our registry mortality data is based on the Israel experience, as reported by Steinvil et al. [16], who
claim that the yearly incidence of athletic field deaths in Israel did not change between 1985-96 (2.54 per
100 000 persons) and 1997-2009 (2.66 per 100 000 persons) despite the introduction of a cardiac screening
programme using 12-lead ECG. Ultimately, their data suggest that efforts to prevent SCD in young athletes
through ECG-based screening strategies are likely worthless. We believe, however, that major methodological
limitations largely diminish Steinvil et al.’s conclusion. First, the number of athlete SCDs was derived from
searching just two newspapers (i.e. not from a systematic SCD registry). This method of data capture is known
to largely underreport cardiac events [6]. Second, the size of the population of competitive athletes was not
known, but estimated. In conclusion, the Steinvil et al. [16]. study is fatally flawed as the incidence of SCD was
calculated from an uncertain number of events in an uncertain number of athletes.

Maron et al. [17] compared death rates in young Italian athletes (from Veneto) screened with ECG and in
American athletes from Minnesota (a demographically similar population) who had been screened by
history and physical examination only (i.e. without ECG). Maron et al. found that over a comparable
11-year period (1993-2004), 12 deaths were reported in Veneto and 11 in Minnesota. When analysed as
deaths per 100 000 person-years, Veneto exceeded Minnesota for all years combined (1.87 for 1979-2004
vs 1.06 for 1985-2007, respectively; p=0.006), although the two regions did not differ significantly for
1993-2004 (0.87 vs 0.93, respectively; p=0.88). The study concluded that SCDs in young competitive
athletes occurred at a low rate in both Veneto and Minnesota, despite different screening strategies.
Consequently, Maron et al. questioned the inclusion of an ECG in screening programmes, as it had little
effect on decreasing athlete SCD. However, yet again, caution in drawing this conclusion is needed, as, like
in Israel, the numerator used to calculate incidence of SCDs in the American athletes was derived from
insurance claims and media reports — methods consistently considered invalid [6].

Costs of Systematic Screening across Italy
National Screening Programme

Implementation of the national screening programme in Italy has been feasible thanks to the limited costs
involved in setting up a mass programme and the modest governmental support. The history, physical
examination and ECG performed by qualified physicians (sport medicine specialists) costs around €50-60
per athlete. This cost is paid by the athlete or their athletic team, except for athletes younger than 18 years,
for whom the expense is covered by the National Health System. If additional testing is required (usually
echocardiography), it is covered by the athletic team or in small part by the National Health System, at an
average cost of €120.The proportion of athletes requiring additional testing is approximately 9%, generating
a modest additional impact on the overall cost of screening [15].

If undertaking a cost-effectiveness analysis, it is worth considering that young athletes/patients with a genetic
cardiomyopathy or electrical disease may survive for many decades if identified in a timely manner and have
a normal or near-normal life expectancy thanks to appropriate management. Moreover, the benefit of the
screening goes beyond the identification of index athletes, because it may result in the identification of other
affected family members, potentially saving additional lives. However, the large number of life-years saved
is rarely considered when calculating the cost-effectiveness ratio of a cardiac screening programme.

Several analyses have attempted to quantify the cost of the Italian screening protocol when applied to
countries — namely, the US — reporting conflicting results. Wheeler et al. [18] estimated that adding ECG to
history and physical examination when screening young athletes would save 2.06 life-years per 1000 athletes
screened, at a cost of USD42 000 per life-year saved. The addition of ECG remained cost-effective in a
broad range of sensitivity analyses. However, different results were reported by Halkin et al. [19], who
computed the costs of diagnostic testing for the estimated 8.5 million US athlete population over a 20-year
period, based on Medicare lists, and concluded that the cost per life-year saved would be largely in excess of
USD500 000, which is clearly prohibitive.

Based upon the Italian experience, we believe that the costs of cardiac screening should be computed as a
package, whereby PPE (i) is considered as preventive medicine that targets healthy individuals in the vast
majority of cases and (ii) is performed by sports medicine physicians and not cardiologists. We acknowl-
edge that reimbursement of any preventive medicine programme does not currently exist in Medicare.
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The legitimacy of reimbursement would require a change in cultural attitudes and in medical policy in the
US, where cardiac screening is unlikely to be federally supported. Therefore, we believe that most of the
purported obstacles to the implementation of 12-lead ECG screening reflect cultural, philosophical and
social differences between our societies, more than economic reasons.

Screening Olympic and Paralympic Athletes

Italy has a bespoke screening programme for its Olympic and Paralympic athletes, at an average cost of
€300-500 per athlete. However, it should be noted that the true cost is lower if it is considered that the
medical personnel who undertake the screening are employed to do so by various sporting federations, with
all medical equipment and facilities owned by the Italian Olympic Committee.

When assessing the cost/efficiency of the screening programmes in Olympic and Paralympic athletes, some
considerations should not be missed. The screening represents just a small part of the routine expenses of
elite athletes, which include medical treatments and insurance coverage, as well as a variety of costs related
to training, coaching, technical equipment, travel and lodging. When compared with revenues, the costs
(particularly for screening) become modest, or even negligible.

Limitations of Screening Programmes

Most of the criticism of the implementation of cardiovascular screening in other countries is based on
practical considerations, including a lack of adequate economic resources, the absence of appropriately
trained physicians and the potential for a high rate of false-positives, leading to unnecessary additional
investigations, which obviously increase the cost of any screening programme.

Addressing the False-Positive ECG Conundrum

In 2010, the ESC produced ‘revised’ recommendations for the interpretation of athlete ECGs [20]. This was in
response to an increasing number of sporting governing bodies undertaking pre-participation cardiovascular
screening and producing an unacceptably high yield of false-positive reports, arising from the misinterpretation
of physiological ECG changes commonly observed in athletes. To demonstrate improved specificity, the authors
reanalysed the ECGs of 1005 highly trained athletes reported a decade earlier [21]. Originally, 402 athletes
(40%) presented an abnormal ECG (so called ‘group 2’ changes). This was lowered to 11% using the 2010
ESC recommendations. As an example, in a large, unselected population of 32 652 young and adolescent
individuals entering the screening programme, the ECG pattern was judged abnormal in 3853 (or 11.8%);
however, most of these abnormalities (7%) were either prolonged PR intervals, incomplete RBBBs or early
repolarisation patterns, commonly believed to be innocent expression of the exercise training. Other ECG
changes, which required additional testing (as potential expressions of cardiac disease), were present in just 4.8%
of the athlete population [22].

However, it has since been demonstrated that certain black ethnic populations, such as African, Afro-Caribbean
and black Latin-American, continue to demonstrate a high prevalence of abnormal ECGs (~20-40%) when
using the 2010 ESC recommendations [23]. To address this issue, in 2012, an international team of experts
produced the ‘Seattle Criteria’ [24]: a revision of ECG interpretation guidelines for athletes, aimed at providing
greater accuracy in identifying those with cardiac pathology, whilst also attempting to reduce the false-positive
rate. The Seattle Criteria have demonstrated favourable results over the ESC recommendations, reducing the
number of ECGs previously considered abnormal (17 to 4%) in a population of high-level athletes, whilst still
identifying all athletes with cardiac pathology.

Recently, additional ‘Refined Criteria’ for the interpretation of athletes’ ECGs have been proposed [25].
Riding et al. [26] observed that the Refined Criteria reduced the prevalence of an abnormal ECG from
11.6% when using the Seattle Criteria and from 22.3% when using the 2010 ESC recommendations to just
5.3% (p<0.0001). Further, specificity was significantly improved to 94% across all athlete ethnicities
(Arabic, black African and Caucasian; p<0.0001) compared with the Seattle Criteria (specificity 87.5%)
and ESC recommendations (specificity 76.6%). Importantly, 100% sensitivity for serious cardiac pathologies
was maintained. It is therefore likely that the Refined Criteria will be adopted for widespread use in the
interpretation of athletes’ ECGs in coming years.
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Legal Considerations

For over 30 years, Italy has had legislation that enforces cardiac screening and the use of a sports medicine
physician to undertake and interpret screening results. Understandably, there is concern in other countries
with different cultural and social backgrounds over ‘systematic’ or ‘mandatory’ cardiac screening and the
autonomous rights of the individual athlete. This legal debate is heightened if one considers the possible
misdiagnosis of cardiac pathology in an athlete or the clearance for competitive sport of an athlete harbouring
a serious cardiac pathology. Both situations would have a devastating effect (personally, professionally and
financially) upon the athlete and their immediate family, whilst for the physician in question, it would trigger
legal complaints and civil charges that would have to be resolved in the public and medical courts. Concern
over legal consequences represents one of the major reasons of resistance to widespread diffusion of the
ECG screening in countries that do not have national screening programmes.

CAD and Other Undetected Abnormalities

One of the major limitations of the 12-lead ECG is the inability to detect, or even raise suspicion of, the
presence of congenital coronary artery anomalies or premature atherosclerotic coronary disease. Only a
modest subset of young athletes with congenital coronary artery anomalies present with symptoms, such
as syncope or chest pain. Even if an exercise-ECG stress test is included, it rarely induces ischaemia, and
therefore, most athletes remain undetected. In adult and senior athletes, the identification of silent
ischaemic coronary disease is hampered by the low sensibility of exercise-ECG stress testing. Whilst
computed tomography (CT) angiography has the potential to identify and characterise the coronary
lesions, it is logistically and financially unfeasible to include this test in the routine work-up of a systematic
screening programme.

Finally, sudden death may also be caused by a number of other less common diseases that remain undetect-
able on ECG, either because of a nonarrhythmic mechanism (spontaneous aortic rupture or bicuspid aortic
valve) or because they are not related to the heart (bronchial asthma or ruptured cerebral aneurysm). Blunt,
nonpenetrating and often innocent-appearing blows to the precordium may trigger ventricular fibrillation
without structural injury to the ribs, sternum or heart (commotio cordis).

Conclusion

There is consensus agreement from both the American College of Cardiology (ACC)/AHA and the ESC
that compelling justification exists for cardiovascular pre-participation screening on medical, ethical and
legal grounds. Whilst agreement on the implementation of screening may exist, there remains a difference in
opinion regarding the methods employed to assess cardiovascular risk. For over 30 years, Italy’s systematic
cardiac screening programme has demonstrated that a significantly greater number of athletes’ lives can be
saved with the inclusion of a 12-lead ECG than by history and physical examination alone. At present, the
ECG screening protocol is recognised as the best medical practice for screening purposes, and it is currently
supported by the ESC Sport Cardiology, IOC and international federations including FIFA and UCI.

In conclusion, athlete screening should be seen as ‘preventative medicine’ aimed at protecting the lives of
young individuals, in the same vein as other benevolent health care strategies, including the prevention of
obesity, diabetes mellitus, hypertension and CAD. Indeed, the prospect of identifying a sinister cardiac
disorder in a young person is associated with disproportionately better outcome at a much lower cost than
any of these other conditions.
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Introduction

When an organisation, school, institution or health care provider considers performing or is involved in the
pre-participation cardiovascular screening of athletes, questions arise: Which guidelines provide the best
evidence-based approach to screening? Which protocol best permits early identification of athletes at risk of
sudden cardiac death (SCD)? Whilst the medicolegal and ethical responsibility of any clinician dealing with
an athlete is to provide the best medical care available, many medical and cardiology societies and sporting
organisations have created their own pre-participation evaluations (PPEs) to assess cardiovascular risk in
athletes. Thus, for clinicians clearing young athletes for participation, there is a lack of consistency and con-
sensus over which protocol to follow [1].

Over the past 20 years, the major controversy in sports cardiology has been whether or not the 12-lead elec-
trocardiogram (ECG) should be included in pre-participation screening. Increased attention arose after the
publication of the 2005 European Society of Cardiology (ESC) guidelines endorsing a 12-lead ECG proto-
col [2]. Unfortunately, validation and improvement of the non-ECG elements has been disappointedly
neglected. Consequently, this chapter will compare the five most common PPE protocols: the American
Heart Association (AHA) 12 elements (and their recent 14-element update); the Pre-participation Physical
Evaluation Monograph, including its 4th edition (4th Monograph); the ESC protocol; the International
Olympic Committee (IOC) protocol; and the Pre-Competition Medical Assessment (PCMA) of the
Fédération Internationale de Football Association (FIFA).

American Heart Association (AHA)

In 1996, the AHA proposed 12 elements for the pre-participation cardiovascular screening of athletes in the
AHA Scientific Statement [3]. These elements were unaltered in a 2007 update [4], which was a reaction to the
movement to include the ECG as part of the PPE. This update contended that incorporating a 12-lead ECG in
pre-participation screening in the US was impractical and would require considerable resources. Although it
stated that such a screening programme would detect greater numbers of athletes with heart disease, many dif-
ficulties would prevent such a national programme, including the effects of a false-positive, cost-efficiency

10C Manual of Sports Cardiology, First Edition. Edited by Mathew G. Wilson, Jonathan A. Drezner and Sanjay Sharma.
© 2017 International Olympic Committee. Published 2017 by John Wiley & Sons, Ltd.
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Personal history?
1. Chest pain/discomfort/tightness/pressure related to exertion
. Unexplained syncope/near-syncope”
. Excessive and unexplained dyspnoea/fatigue or palpitations, associated with exercise
. Prior recognition of a heart murmur
. Elevated systemic blood pressure
. Prior restriction from participation in sports
7. Prior testing for the heart, ordered by a physician

(O NN IV IN o)

Family history?
8. Premature death (sudden and unexpected or otherwise) before 50 years of age attributable to heart disease in one or
more relatives
9. Disability from heart disease in a close relative <50years of age
10. Hypertrophic or dilated cardiomyopathy, long QT syndrome or other ion channelopathies, Marfan syndrome or clinically
significant arrhythmias; specific knowledge of genetic cardiac conditions in family members
Physical examination
11. Heart murmure
12. Femoral pulses to exclude aortic coarctation
13. Physical stigmata of Marfan syndrome
14. Brachial artery blood pressure (sitting position)®

Table 9.1 The 14-element AHA recommendations for pre-participation cardiovascular screening
of competitive athletes

a Parental verification is recommended for high-school and middle-school athletes
° Judged not to be of neurocardiogenic (vasovagal) origin; of particular concern when occurring during or after physical exertion
¢ Refers to heart murmurs judged likely to be organic and unlikely to be innocent; auscultation should be performed with the patient in both

the supine and standing positions (or with Valsalva maneuver), specifically to identify murmurs of dynamic left ventricular outflow tract
obstruction

d Preferably taken in both arms

considerations and practical difficulties. The AHA stated that false-positive screening diagnoses would generate
unnecessary life consequences, with emotional, financial and medical burdens for the athlete, their family, their
team and their institution, including unnecessary additional tests and procedures, anxiety, uncertainty and the
possibility of disqualification without justification. To date, these claims have not been substantiated by scientific
study. The AHA recommended that cardiovascular athletic screening with history and physical examination be
performed only by physicians. When impractical, it suggested that nurse practitioners or physician-assistants
perform the screening — if they have the correct training, medical skills and background.

In 2014, the AHA updated the number of elements from 12 to 14 (10 for personal and family history and
4 for physical examination) (Table 9.1) [5]. The 14 elements added palpitations and chest tightness or pres-
sure associated with exercise to the chest pain element, as well as two new elements concerning any prior
restriction from participation in sports or any prior cardiac testing ordered by a physician. A positive response
or finding in 1 or more of the 14 items may be judged sufficient for further cardiovascular evaluation. The
AHA recommends parental verification of the responses to the history questions obtained from minors.

The differences between the AHA 12 and 14 elements are relatively minor and are based on consensus
opinion rather than evidence. The accuracy of screening questionnaires in identifying athletes with condi-
tions associated with SCD has been called into question [6,7], and simply expanding a screening tool from
12 to 14 elements may not have the desired effect when the deficiency is in the tool itself. Unfortunately, the
AHA document focused on the opinion that the ECG is impractical as part of a screening protocol rather
than considering advances made in the ECG screening of young athletes.

Pre-participation Physical Evaluation Monograph 4th Edition
(4th Monograph)

In 1992, five organisations (American Academy of Family Medicine, American Academy of Pediatrics,
American Medical Society for Sports Medicine, American Orthopedic Society for Sports Medicine and
American Osteopathic Academy of Sports Medicine) developed the Pre-Participation Physical Evaluation
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Personal history

e Has a doctor ever denied or restricted your participation in sports for any reason?

* Have you ever passed out or nearly passed out DURING or AFTER exercise?

e Have you ever had discomfort, pain, tightness or pressure in your chest during exercise?

e Does your heart ever race or skip beats (irregular beats) during exercise?

e Has a doctor ever told you that you have any heart problems? If so, check all that apply: [] High blood pressure
[1 Heart murmur [] High cholesterol [] Heart infection [] Kawasaki disease [] Other:

® Has a doctor ever ordered a test for your heart (e.g. ECG, echocardiogram)?

¢ Do you get lightheaded or feel more short of breath than expected during exercise?

® Have you ever had an unexplained seizure?

e Do you get tired or short of breath more quickly than your friends during exercise?

Family history

* Has any family member or relative died of heart problems or had any unexpected or unexplained sudden death before the
age of 50 (including drowning, unexplained car accident or SIDS)?

e Does anyone in your family have: hypertrophic cardiomyopathy, Marfan syndrome, arrhythmogenic right ventricular
cardiomyopathy, long or short QT syndrome, Brugada syndrome or catecholaminergic polymorphic ventricular
tachycardia?

e Does anyone in your family have a heart problem, pacemaker or implanted defibrillator?

e Has anyone in your family had unexplained fainting, seizures or near drowning?

Physical examination

e Murmurs (auscultation, standing, supine + Valsalva)

e | ocation of point of maximal impulse (PMI)

e Simultaneous femoral and radial pulses

e Marfan stigmata (kyphoscoliosis, high-arched palate, pectus excavatum, arachnodactyly, arm span> height, hyperlaxity,
myopia, mitral valve prolapse, aortic insufficiency)

Table 9.2 The 4th PPE Monograph history and physical examination elements

Monograph to guide physicians through the PPE process for young athletes from middle school through
college. The American College of Sports Medicine joined the effort for the development of the 3rd edition
in 2005, and the AHA collaborated with development of the 4th edition 2010 [8].

The 4th Monograph made important changes to the SCD screening questions by including unexplained
or undiagnosed seizure activity, drowning, unexplained car accidents and sudden infant death syndrome
(SIDS) in the personal and family history questionnaires (Table 9.2). Additionally, the Monograph rec-
ommends that syncope issues be addressed in routine preventive health discussions with athletes and
their guardians, because of their importance in identifying any child at risk of sudden death. Whilst the
4th Monograph does not recommend the ECG, it includes ECG criteria for physicians applying it as
part of screening. The 4th-edition personal and family history questions were shown in one study of
adolescent athletes to have a high false-positive response rate (31.3%) whilst detecting conditions posing
risk for SCD [6].

European Society of Cardiology (ESC)

In 2005, the consensus statement of the Study Group on Sports Cardiology of the Working Group on
Cardiac Rehabilitation and Exercise Physiology of the ESC published a proposal for a European protocol
for cardiovascular pre-participation screening of young competitive athletes (Table 9.3) [2]. The consensus
document recommended the ECG, assuming its efficacy as a screening tool based on the 25-year Italian
experience [9].

The ESC recommends that the PPE screening should start at the beginning of competitive athletic activity,
age 12—14 years for most sports, and be repeated on a regular basis at least every 2 years. It also recommends
that the PPE be performed by a physician with the specific training, skills, knowledge and cultural background
required to identify those cardiovascular diseases (CVDs) responsible for exercise-related sudden death.
The ESC suggests providing postgraduate residency training programmes in sports medicine (and sports
cardiology) full-time for 4 years, as in Italy.
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Personal history

e Exertional chest pain or discomfort

e Syncope or near-syncope

* |rregular heartbeat or palpitations

e Shortness of breath or fatigue out of proportion to the degree of exertion

Family history

e A close relative(s) who has experienced a premature heart attack or sudden death (aged <55 in males and <65 in females)

e Family history of cardiomyopathy, Marfan syndrome, long QT syndrome, Brugada syndrome, severe arrhythmias, coronary
artery disease or other disabling CVDs

Physical examination

e Marfan features (musculoskeletal/ocular)

¢ Diminished and delayed femoral artery pulses

e Mid- or end-systolic clicks, a second heart sound (single or widely split and fixed with respiration), marked heart murmurs
(any diastolic and systolic grade >2/6)

® |rregular heart rhythm

e Brachial blood pressure >140/90 mmHg (on >1 reading)

Table 9.3 The ESC questionnaire and physical examination components for pre-participation cardiovascular
screening of competitive athletes

International Olympic Committee (I0C)

In 2004, the IOC created its own PPE for national Olympic committee physicians to use before sending
athletes to the Olympic Games (Table 9.4). It is worth placing the IOC PPE in the context of the interna-
tional population for which it was designed. Combining the athlete participation figures from the Beijing
and London Olympics, there were 22 156 athletes competing for 205 countries. Excluding European and
North American countries, there were 32 African, 32 Asia-Pacific, 32 Latin American, 14 Middle Eastern
and 8 South Asian nations [10].

In 2009, the IOC published consensus recommendations on periodic health evaluation in elite athletes [11].
The IOC statement reiterated that the main purpose of the evaluation was to screen for injuries or medical
conditions that might place an athlete at risk and endorsed the inclusion of an ECG in the cardiovascular
screening of athletes. Whilst the PPE protocol was not made obligatory prior to competition, the IOC high-
lighted the importance of balancing the ethical and legal aspects to help protect the rights and responsibili-
ties of athletes, physicians and sporting organisations. It recommended that the PPE should be performed in
the primary interest of the athlete under the responsibility of a physician trained in sports medicine. Whilst
the IOC recommended that the physician strongly discourage the athlete from continuing training when
evidence from the PPE identifies serious risk — until the necessary medical measures have been taken — it also
stated that it remains the responsibility of the athlete to decide whether to continue training or not [11].

Fédération Internationale de Football Association (FIFA)

FIFA, through its medical committee, FIFA Medical Assessment and Research Centre (F-MARC), devel-
oped a standardised PCMA and implemented it at the Men’s 2006 FIFA World Cup and the 2007 FIFA
Women’s World Cup [12]. After undertaking an assessment of the feasibility of and compliance with per-
forming a comprehensive PCMA in participating teams at the FIFA U-17 and U-20 Women’s World Cups
2010, FIFA decided to make the PCMA a compulsory requirement for all FIFA competitions.

The PCMA was designed not only to investigate conditions that predispose an individual to SCD but also
to identify the risk of future injuries or other health issues that would be detrimental to successful participa-
tion. The cardiovascular section of the FIFA PCMA is an extensive 55-step document (Table 9.5); it also
includes an ECG and echocardiogram.

Comparison of the Five Protocols

All basic components of the five PPEs are comparable: physical exam, medical history and family history;
however, use of more advanced screening tools such as ECG varies. Optimally, PPEs should be simple to
administer, ensure good sensitivity and specificity and provide the clinician with sufficient guidance when
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Potentially detectable cardiovascular conditions

For all participants

Personal history
Questionnaire by examining physician:
1. Have you ever fainted or passed out when exercising?
. Do you ever have chest tightness?
. Does running ever cause chest tightness?
. Have you ever had chest tightness, cough or wheezing which
made it difficult for you to perform in sports?
. Have you ever been treated/hospitalised for asthma?
. Have you ever had a seizure?
. Have you ever been told that you have epilepsy?
. Have you ever been told to give up sports because of health
problems?
9. Have you ever been told you have high blood pressure?
10. Have you ever been told you have high cholesterol?
11. Do you have trouble breathing or do you cough during or after
activity?
12. Have you ever been dizzy during or after exercise?
18. Have you ever had chest pain during or after exercise?
14. Do you have or have you ever had racing of your heart or
skipped heartbeats?
15. Do you get tired more quickly than your friends during
exercise?
16. Have you ever been told you have a heart murmur?
17. Have you ever been told you have a heart arrhythmia?
18. Do you have any other history of heart problems?
19. Have you had a severe viral infection (e.g. myocarditis or
mononucleosis) within the past month?
20. Have you ever been told you had rheumatic fever?
21. Do you have any allergies?
22. Are you taking any medications at the present time?
23. Have you routinely taken any medication in the past 2 years?

A~ WD

o N O O

Family history
Questionnaire by examining physician
24. Has anyone in your family less than 50 years old:
e Died suddenly and unexpectedly?
e Been treated for recurrent fainting?
* Had unexplained seizure problems?
* Had unexplained drowning when swimming?
e Had an unexplained car accident?
e Had a heart transplantation?
® Had a pacemaker or defibrillator implanted?
e Been treated for irregular heart beat?
e Had heart surgery?
25. Has anyone in your family experienced sudden infant death
(cot death)?
26. Has anyone in your family been told they have Marfan
syndrome?

General

27. Peripheral pulses

28. Marfan stigmata

29. Cardiac auscultation: rate/rhythm

30. Murmur: systolic/diastolic obstruction and systolic click
31. Blood pressure

Any cardiovascular condition

Inherited cardiomyopathy (hypertrophic,
arrhythmogenic, dilated)

Inherited heart rhythm problem/cardiac ion channel
diseases (long and short QT syndrome, Brugada
syndrome, Lenegre disease, catecholaminergic
polymorphic ventricular tachycardia)
Connective-tissue disorders

Coarctation of the aorta, aortic dilatation, mitral valve
prolapse (MVP), ventricular ectopic beats, structural
heart disease, outflow tract obstruction, aortic valve
(AV) disease

Hypertension

Table 9.4 Lausanne recommendations: sudden cardiovascular death in sport under the umbrella of the IOC

medical commission
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A. Heart and lung personal symptoms

Date of last cardiovascular exam

Within the last 4 weeks Before the last 4 weeks

Chest pain or tightness
Shortness of breath
Asthma
Cough
Bronchitis
Palpitations/arrhythmias
Other heart problems
Dizziness
Syncope
Chest pain after exercise
Hypertension
Heart murmur
Abnormal lipid profile
Seizures
Advised to give up sport
More quickly tired than teammates
Diarrhoea illness
No Yes
Smokes
Consumes alcohol

Wears contact lenses or glasses

B. Family history (male relatives <55 years, female relatives <65 years)

None Father Mother Sibling

Sudden cardiac death (SCD)
Sudden infant death
Coronary heart disease
Cardiomyopathy
Hypertension

Recurrent syncope
Arrhythmias

Heart transplant

Heart surgery
Pacemaker/defibrillator
Marfan syndrome
Unexplained drowning
Unexplained car accident
Stroke

Diabetes

Cancer

Other (arthritis etc.)

Table 9.5 FIFA Pre-Competition Medical Assessment (PCMA). Only relevant sections related to cardiovascular
screening are presented

(Continued)
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C. General physical exam

Thyroid gland
Lymph nodes/spleen
Lungs

* Percussion

® Breath sounds
Abdomen

e Palpation

Marfan criteria

[ normal

] normal

[ normal

] normal

[ normal
O no

[J abnormal

] abnormal

[J abnormal

] abnormal

[J abnormal

[ yes, please specify:
e chest deformities

¢ long arms and legs
o flat footedness

e scoliosis

e |ens dislocation

e other:

D. Cardiovascular system examination

Rhythm
Heart sounds

Heart murmurs

Peripheral oedema

Jugular veins
(45° position)

Hepatojugular reflux
Blood vessels

e Peripheral pulses

e Delay in femoral pulses
e Vascular bruits

® \aricose veins

Heart rate
(after 5 minutes’ rest)

Blood pressure
(in supine position after 5 minutes’ rest)

* Right arm
e |eftarm
e Ankle

Table 9.5 (cont’d)
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] normal

[ normal

[ no

O no
[ normal

[ no

[ palpable
[1no
[Jno
O no
____ /min

/ mmHg

/ mmHg
/ mmHg

[ arrhythmic

[] abnormal, please specify:
o split

® paradoxically split

® 3rd heart sound

e 4th heart sound

[ yes, please specify:

e systollic intensity: /6

e diastollic intensity:____ /6

o clicks

e changes during valsalva manoeuver
* changes on abruptly standing up

[Jyes
[ abnormal

[Jyes

[ not palpable
[dyes
[Jyes
[Oyes
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obtaining positive responses. Their goal is to enable clinicians to make an informed decision as to whether
an athlete requires further cardiovascular work-up beyond basic screening.

Personal History

The major problem with all five of the protocols is that none is evidence-based. None of the questions or
recommended elements were validated prior to publication and all are based on consensus opinion. Since
publication, many studies have demonstrated a low sensitivity and a high response rate for the screening
heart health questions.

The five protocols agree on questioning about history of chest pain, fatigue, shortness of breath, chest tight-
ness/discomfort, palpitations and/or syncope (Table 9.6). However, they differ in the way they ask about the
symptom and its relation to exercise. For example, in evaluating syncope, the ESC and FIFA protocols
enquire about syncope and pre-syncope but the AHA, IOC and 4th Monograph ask about syncope or faint-
ing specifically during or after exercise. The 4th Monograph asks about lightheadedness during or after
exercise in a separate question. The IOC and FIFA protocols uniquely include history of dizziness (but do
not specify whether this refers to vertigo or lightheadedness). Also, the FIFA protocol asks twice about any
history of chest pain (related and not related to exercise) and includes a question on shortness of breath — but
not in relation to exercise, unlike the four other protocols.

Item AHA ESC 10C FIFA  4th Monograph

Chest pain (during or after exercising) Y Y
More quickly tired/fatigued than teammates
Heart murmur

High blood pressure

Shortness of breath (during or after exercising)

Chest tightness/discomfort

< < < < < < <
< < < < < < <
< < < < < < <
< < < < < <
< < < < < <

Palpitations/racing of the heart/skipped heartbeats (during
or after exercising)

<
<
<

(Near) syncope/(near) loss of conscious/fainted/passed out Y Y
(during or after exercising)

Advised to give up sport/restriction on participation Y
Dizziness/lightheadedness (during or after exercise)

Abnormal lipid profile

Other heart problem

< < < < <

Seizures
Cough/asthma
Heart arrhythmia
Previous cardiac investigation (ECG, echocardiogram etc.) Y Y

< < < < < < <
< < < < < < <

Rheumatic fever/allergies Y
Bronchitis/diarrhoea Y
Epilepsy Y
Alcohol/smoking Y
Medications at the present time or during the past 2 years Y
Contact lenses/glasses Y

Severe viral infection within the past month Y

Table 9.6 Comparison of the personal history sections of the five protocols
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Item AHA ESC 10C FIFA 4th Monograph
Sudden death Y Y Y Y Y
Arrhythmia Y Y Y Y Y
Marfan syndrome Y Y Y Y Y
Cardiomyopathy Y Y Y Y
Heart surgery Y Y Y
Pacemaker/implanted defibrillator Y Y Y
Unexplained fainting/drowning Y Y Y
Unexplained car accident/sudden infant death Y Y Y
Disabled from heart disease Y Y

Heart transplant Y Y

Unexplained seizures Y Y
Coronary heart disease Y Y

Cardiac treatment Y

Hypertension/stroke/cancer/diabetes/arthritis Y

Table 9.7 Comparison of the family history sections of the five protocols

Many of the questions asked within the cardiovascular sections of the IOC and FIFA protocols are of little
value when looking for cardiac conditions that may predispose to SCD. Some of these questions may be
pertinent for a team physician from a general health perspective when managing athletes participating at the
Olympic Games or the World Cup but are of less importance when attempting to identify an athlete with an
inherited, congenital or acquired cardiac disease. It is also unclear why the FIFA protocol differentiates
personal cardiac symptoms before and during the prior 4 weeks. For example, an athlete who experienced
syncope with palpitations 2 months ago would receive the same cardiac work-up if they presented with these
symptoms within the last 2 weeks.

Family History

The five protocols recommend questioning about any history of premature heart attack or SCD (Table 9.7).
The age at which an SCD occurs is important. Whilst most sudden deaths over the age of 35 are due to coronary
artery atheromas, we would be significantly concerned about the health of a young athlete with a family history
of SCD in a first-degree relative who died unexpectedly at between 5 and 35 years of age. Yet, age ranges and
gender distinction are different between the protocols, for unknown reasons. Whilst the ESC and FIFA proto-
cols recommend a specific age range according to gender (<55years in males and <65years in females), the
AHA, IOC and 4th Monograph recommend a different age range without any gender distinction (<50years).
Although the five protocols enquire about a family history of arrhythmia, the AHA protocol specifically asks
about inherited arrhythmias. The ESC protocol gives examples of what to look for (long QT syndrome, Brugada
syndrome and severe arrhythmias), whilst the 4th Monograph gives a lengthy list of conditions to consider.

Physical Examination

As part of the physical examination, all five protocols recommend measuring blood pressure, listening for
heart murmurs during auscultation and checking for features suggestive of Marfan stigmata (Table 9.8).The
ESC protocol guides clinicians to look for skeletal and ocular features of Marfan. The FIFA protocol pro-
vides more stigmata details, including chest deformities, long arms and legs, flat footedness, scoliosis and
lens dislocation. The 4th Monograph provides further details: kyphoscoliosis, high-arched palate, pectus
excavatum, arachnodactyly, arm span > height, hyperlaxity, myopia, mitral valve prolapse (MVP) and aortic
insufficiency. Importantly, no protocol provides specific methods for the elements of the physical exam, and
all assume that these are standardised.
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Item AHA ESC 10C FIFA 4th Monograph

Marfan stigmata Y Y Y
Murmur

Delay/weakness in femoral pulse

< < < <

Blood pressure

< < < < <
< < < <

Peripheral pulse
Rhythm
Heart sounds Y

_<
< < < < < < <

Heart rate
Clicks Y
Point of maximal impulse (PMI) location Y

< < < < < <

<

Varicose veins/vascular bruits

Peripheral oedema/jugular venous pressure Y
(JVP)/hepatojugular reflux

Cuff pressure between two arms Y

Table 9.8 Comparison of the physical examination sections of the five protocols

ECG and Ancillary Tests

The ESC, IOC and FIFA protocols incorporate a resting ECG, but only FIFA requires an echocardiogram.
Evidence for including an echocardiogram is not provided. The recommendation of ECG (or not) is the sin-
gular major difference between the US and other guidelines, with growing evidence supporting inclusion of the
ECG. The value of the ancillary tests is covered in Chapters 14—17 and will not be discussed further here.

Considerations
Personal and Family History Considerations

There are many problems with the use of any of the five cardiovascular screening questionnaires. We have
consistently shown that personal symptoms are poor predictors of cardiovascular abnormalities [13]. High
rates of positive responses create a medicolegal dilemma when gathered by health care providers without
adequate training or experience in the symptoms or conditions of concern in young athletes. Since the reaction
to a positive response is not standardised, this may lead to variation in practice, along with expensive and
unnecessary testing and delay. At Stanford, the AHA 12-element screening questions produce a positive
response in up to 25% of athletes: even more than the ECG when either the Stanford or the Seattle ECG
criteria are applied (under 6%) [14]. In a study of US high-school athletes, 31% required additional evaluation
because of medical or family history responses and 8% because of physical examination findings [6]. This is
matched by data from Qatar, where 22% of athletes had at least one finding on history and physical examina-
tion that warranted additional cardiovascular examination. This false-positive rate is important, as no athlete
was identified with an inherited cardiac disease on the basis of history and physical examination alone [15].
Thus, it is clear that more evidence-based questioning is required to increase sensitivity and specificity and so
reduce the unnecessarily high level of false-positive responses.

A challenge to developing accurate questions about cardiovascular warning symptoms is that many of the
symptoms overlap with the expected physiological responses to intense physical exertion, including shortness
of breath, fatigue and even chest tightness or lightheadedness. How an athlete interprets these symptoms as
a normal response to training or an abnormal response of concern for a cardiopulmonary limitation also var-
ies and lacks uniformity. In a perfect world, a physician would use an open-ended enquiry in assessing the
risk posed by a sport, with prompting questions regarding high-risk symptoms. These could include:

* Have you ever lost consciousness and fallen to the ground during or immediately after exercise?
* Have you been bothered by racing or skipping of your heart beat during or immediately after exercise?
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* Have you ever had chest pain or pressure at maximal exercise that was not related to breathing, lasted
minutes and was other than sharp and stabbing?

Without appropriate follow-up questions to distinguish the clinically significant from the extraneous, all
positives might result in unnecessary testing, delay and cost. Using this approach may reduce the high false-
positive rate inherent to questionnaires. Whatever approach is taken, the critical issue is that the follow-up
questions should enable the physician to make a reasonable decision regarding the potential cardiovascular
risk of the positive response [16].

Perhaps the question, ‘Is there a family history of SCD in a first-degree relative under 35 years of age?’ is the
most important. In a study which examined 470 SCD victims aged 1-35 years and followed up their first- and
second-degree relatives for 11 years, Ranthe et al. [17] concluded that ‘cardiovascular diseases co-aggregated
significantly with SCD in families, with young first-degree relatives at greatest risk. Results clearly indicate that
family members of young SCD victims should be offered comprehensive and systematic screening, with focus
on the youngest relatives.” In a retrospective review of 112 paediatric patients with a family history of sudden
arrhythmic death syndrome, Wong et al. [18] concluded ‘the yield of screening pediatric relatives is significant
and higher when focused on 1st degree relatives and on inherited cardiac conditions such as LQTS [long QT
syndrome]’. Accordingly, we suggest that all five PPEs have set an age limit that is far too high, and that lower-
ing the age for familial cardiac disease to less than 40 would be more appropriate.

Physical Exam Considerations

Marfan’s syndrome is a relatively rare condition, and reminders of the physical stigmata of Marfan’s syn-
drome are potentially helpful for physicians with less experience. However, stigmata are rare and not particu-
larly sensitive (see Chapter 22). It is unlikely that many young athletes over 6 feet tall with long arms will have
Marfan’s without other markers being present. Any elevation of blood pressure over 140/90 should lead to
serial exams to see if this is a consistent finding, and any athlete with consistent elevations should undergo
further evaluation and treatment.

Subtle physical exam findings are unlikely to be detected except by the most skilled examiners. Fixed splitting
of the second heart sound is normal in the supine position and only abnormal when sitting or standing. Each
cardiologist seems to have their own method of doing a Valsalva manoeuvre, and only one-quarter of athletes
with hypertrophic cardiomyopathy (HCM) will have an obstructive component at rest. The value of squatting
to detect MVP is uncertain, as severe MVP is usually accompanied by a murmur heard in any position.
Diastolic murmurs are the most difficult to hear, yet are nearly always associated with pathology. Auscultation
for aortic insufficiency, the most common cause of diastolic murmurs, should be performed in the sitting
position, with the athlete leaning forward during expiration — a recommendation not made in any of the five
protocols. In the mass PPE environment, any diastolic murmur and/or loud systolic murmur should lead to
a more thorough exam in a physician’s office or by an echocardiogram.

General PPE Considerations

In an attempt to determine the effectiveness of different components of the PPE screening in order to detect
potentially lethal cardiac disorders in athletes, Harmon et al. [19] recently undertook a systematic review/
meta-analysis of over 47 000 participants who underwent cardiovascular screening. Their meta-analysis
demonstrated that the sensitivity and specificity of history questions were 20/94%, those of physical exam
were 9/97% and those of ECG were 94/93%. The overall false-positive rate of history was 8%, that of physi-
cal exam was 10% and that of ECG was 6%. Harmon et al. [19] concluded: ‘the most effective strategy for
screening for cardiovascular disease in athletes is the ECG, and the use of history and physical exam alone
as a screening tool should be reevaluated’.

To lessen false-positive rates and increase sensitivity, we suggest including elements of the 4th Monograph
(seizures, other findings suggestive of inherited arrhythmic diseases), lowering the age for family history ques-
tions to 40 (to avoid coronary artery disease (CAD)-associated events) and focusing on symptoms during or
after exercise. We also suggest providing specific accompanying questions to the questioning physician, to
help reduce unnecessary further cardiovascular examinations. This is imperative, since not all physicians have
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the clinical experience or training to evaluate athletes. In this way, the family physician or mass-screening
physician can serve as a gate keeper to expensive and unnecessary evaluations.

Conclusion

In conclusion, no PPE will identify all cardiac conditions, and some athletes with normal evaluations may
have a cardiac event, due either to undetected cardiac conditions or to conditions that develop later. It is
clear, however, that the cardiac risk elements in the five protocols discussed in this chapter result in more
false-positives than do current athlete-specific ECG criteria. More research is needed to improve the
accuracy of screening medical and family history questions. The use of follow-up questions to assess
responses and guide the reaction of health care providers to their final interpretation must be specified.
Mandating the currently available screening questionnaires creates more problems than does judiciously
adding ECG to PPEs.
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Introduction

The purpose of pre-participation screening is to identify pre-existing cardiovascular abnormalities, and
thereby reduce the potential for adverse cardiac events and loss of life. Many pre-participation screening
programmes include a resting 12-lead electrocardiogram (ECG). The concerns for physicians when inter-
preting an athlete’s ECG include both missing a dangerous cardiac condition and generating false-positive
interpretations, causing unnecessary investigations and potential restriction of sporting activity. This chapter
focuses on the physiological ECG adaptations commonly found in athletes to help guide physicians when
distinguishing between normal ECG adaptations and abnormal ECG findings associated with pathological
cardiac conditions.

Normal ECG Findings in Athletes

Sustained, regular and intensive exercise (>6 hours per week) is associated with a number of ECG changes
that reflect increased vagal tone and enlarged cardiac chamber size. These ECG findings in athletes are
considered to reflect physiological adaptations to regular exercise and do not require further evaluation

(Table 10.1).

Sinus Bradycardia

Three criteria must be met to diagnose sinus rhythm: (i) there must be a P-wave before every QRS complex;
(ii) there must be a QRS complex after every P-wave; and (iii) the P-wave must have a normal axis in the
frontal plane (0-90°). In normal sinus rhythm, the heart rate is determined by the balance between the
sympathetic and parasympathetic nervous systems. In healthy adults, sinus rhythm <60 beats.min™ is
considered ‘sinus bradycardia’. In athletes, resting sinus bradycardia is a common finding due to increased
vagal tone; it is particularly prevalent in endurance athletes. In the absence of symptoms such as fatigue,
dizziness or syncope, a heart rate >30 beats.min™! should be considered normal in a well-trained athlete.
Sinus bradycardia should disappear with the onset of physical activity.

Sinus Arrhythmia

Heart rate usually increases slightly during inspiration and decreases slightly during expiration. This normal,
physiological fluctuation in heart rate, termed ‘sinus arrhythmia’, can be exaggerated in athletes, resulting in
an irregular heart rate. This is considered a normal finding and should not be confused with sinus node
dysfunction (‘sick sinus syndrome’). Differentiating features that suggest sinus node dysfunction include

10C Manual of Sports Cardiology, First Edition. Edited by Mathew G. Wilson, Jonathan A. Drezner and Sanjay Sharma.
© 2017 International Olympic Committee. Published 2017 by John Wiley & Sons, Ltd.
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Sinus bradycardia (>30 beats.min-")

Sinus arrhythmia

Ectopic atrial rhythm

Junctional escape rhythm

First-degree AV block (PR interval >200 ms)

Mobitz type | (Wenckebach) second-degree AV block
Incomplete RBBB

QRS voltage criteria for LVH and RVH

Early repolarisation (ST elevation, J-point elevation, J-waves or terminal QRS slurring)

© 0O N O GO A ON =

10 Convex (‘domed’) ST segment elevation combined with T-wave inversion in leads V1-V4 in black/African athletes

11 T-wave inversion in V1-V3 in young adolescent athletes (<16 years old)

Table 10.1 Normal ECG findings in athletes
AV, atrioventricular; RBBB, right bundle branch block; LVH, left ventricular hypertrophy; RVH, right ventricular hypertrophy

lack of rhythmic changes in the heart rate, abrupt sustained rate increases and decreases, prolonged pauses
or periods of sinus arrest, inappropriate rate responses to exercise (including slowed acceleration and an
inappropriately rapid deceleration) and any association with clinical symptoms such as exercise intolerance,
pre-syncope or syncope. In sinus arrhythmia, the P-wave axis remains normal in the frontal plane and the
fluctuation in heart rate should resolve with the onset of exercise.

Junctional Escape Rhythm

A junctional escape (or nodal) rhythm occurs when the QRS rate is faster than the resting P-wave or
sinus rate, which is typically slower in athletes due to increased vagal tone (Figure 10.1). The QRS rate
for junctional rhythms is usually less than 100 beats.min™!, and the QRS complex is narrow (<120 ms)
unless the baseline QRS has a bundle branch block. Sinus rhythm should resume with the onset of
physical activity.

Ectopic Atrial Rhythm

In an ectopic atrial rhythm, P-waves are present but have a different morphology to the sinus P-wave,
typically with a rate <100 beats.min™!. Ectopic P-waves are most easily seen when they are negative in the
inferior leads (II, III and aVF). Occasionally, two different P-wave morphologies may be seen; this is known
as a ‘wandering atrial pacemaker’. Ectopic atrial rhythms occur due to a slowed resting sinus rate caused by
increased vagal tone in athletes. Sinus rhythm should resume with the onset of physical activity.

First-Degree Atrioventricular Block

In first-degree atrioventricular (AV) block, the PR interval is prolonged (>200ms) but each P-wave is
followed by a QRS complex and the R-R interval is regular (Figure 10.2). This represents a delay in AV
nodal conduction in athletes, due to increased vagal activity or intrinsic AV node changes, and typically
resolves with the onset of exercise.

Second-Degree Atrioventricular Block (Mobitz Type I/
Wenckebach Phenomenon)

In Mobitz type I second-degree AV block, the PR interval progressively lengthens from beat to beat until
there is a nonconducted P-wave with no QRS complex (Figure 10.3).The first PR interval after the dropped
beat is shorter than the last conducted PR interval before the dropped beat. This represents a greater distur-
bance of AV nodal conduction than first-degree AV block, but is usually a normal finding in asymptomatic,
well-trained athletes. One-to-one conduction should return with the onset of exercise.
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IRBBB

P wave P wave

N

f | ! [

P-waves hidden by QRS complex

Figure 10.1 A 28-year-old asymptomatic Caucasian handball player demonstrating a junctional escape rhythm
and incomplete right bundle branch block (IRBBB)

N

Prolonged yet relatively equal PR intervals

Figure 10.2 A 29-year-old black African football player demonstrating sinus bradycardia (57 beats.min-"), marked
first-degree AV block (309 ms) and early repolarisation (arrows) in leads Il, aVF, V2-V6

Incomplete Right Bundile Branch Block

Incomplete right bundle branch block (IRBBB) presents with a QRS duration <120 ms with a right bundle
branch block (RBBB) pattern: terminal R-wave in lead V1 (rsR’) and wide terminal S-wave in leads I and
V6 (Figure 10.4A). This may be observed in up to 60% of athletes [1]. It has been suggested that the mildly
delayed conduction is caused by right ventricular remodelling (with increased cavity size and resultant
increased conduction time), rather than an intrinsic delay within the His—Purkinje system itself [2].

Isolated IRBBB in an asymptomatic athlete with a negative family history and normal physical examination
does not require further evaluation. However, physicians should be aware of three key points.
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RN

o

Increasing PR duration

Figure 10.3 A 17-year-old asymptomatic black African basketball player demonstrating Mobitz type | second-
degree AV block, early repolarisation in V2-V5 and voltage criteria for left ventricular hypertrophy (LVH)

First, IRBBB can be associated with atrial septal defects (ASDs), and thus other ECG changes suggestive of
ASDs should be excluded (such as right- or leftward axis, voltage criteria for right ventricular hypertrophy
(RVH), right atrial hypertrophy, inverted P-waves in the inferior leads and first-degree AV block). Some of
these ECG changes are common in well-trained athletes, so physical examination may provide further
information. Whilst normal cardiac auscultation does not exclude a haemodynamically significant ASD,
there are a number of clinical signs that may be apparent, including fixed splitting of the second heart sound,
a systolic ejection murmur over the pulmonary valve and a right ventricular heave with a loud pulmonary
component of the second heart sound, if there is concomitant pulmonary hypertension [3].

Second, IRBBB may be seen in patients with arrhythmogenic right ventricular cardiomyopathy (ARVC) [4].
However, in ARVC, other ECG abnormalities may be present, such as T-wave inversion involving the right
precordial leads beyond V2 in individuals over 14 years old, low limb lead voltages, prolonged S-wave
upstroke, localised prolongation of the QRS complex (>110ms) in leadsV1-V3, epsilon waves (reproducible
low-amplitude signals at the end of the QRS complex) and premature ventricular beats with a left bundle
branch block (LBBB) morphology (Figure 10.4B) [5].

Third, IRBBB should not be confused with Brugada syndrome (Figure 10.4C), which is characterised by
marked J-point elevation (high take-off >2 mm), followed by a coved (type I Brugada) and downsloping ST
segment with a negative T-wave in one or more leads inV1-V3 [6]. These ECG changes reflect the underlying
repolarisation abnormalities found in Brugada syndrome, rather than delayed right ventricular activation,
which manifests as isolated IRBBB.

Early Repolarisation

Early repolarisation is a common finding in trained athletes and is considered a benign ECG pattern in
apparently healthy, asymptomatic individuals. Until recently, early repolarisation was simply referred to as
‘ST elevation’, but updated definitions include J-waves or terminal QRS slurring, with and without ST-
segment elevation [7]. Early repolarisation is most common in the precordial leads but can be present in any
lead, and is found in up to 88% of high-level athletes [8]. See Chapter 13 for an extensive review (and illus-
trative ECGs) of early repolarisation in athletes. To date, no data support the association between early
repolarisation and sudden cardiac death (SCD) in athletes. Accordingly, all patterns of early repolarisation,
including inferolateral subtypes, should be considered normal variants in athletes.
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(A)

(B)

(©)

Figure 10.4 (A) ECG demonstrating IRBBB, with rSR’ pattern in V1 and a QRS duration of <120ms.
(B) ECG of a patient with arrhythmogenic right ventricular cardiomyopathy (ARVC) showing inverted
T-waves in V1-V4, low limb lead voltages and delayed S-wave upstroke. (C) ECG demonstrating a typical

type 1 Brugada pattern
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QRS Voltage Criteria for Left Ventricular Hypertrophy

In athletes, intensive conditioning leads to cardiac remodelling, with increased cavity dimensions and wall
thicknesses. These structural changes can be reflected on the ECG as an increase in QRS amplitude [9].
The most commonly used voltage criteria for left ventricular hypertrophy (LVH) is the Sokolow—Lyon index
(S-V1+R-V5>35mm), but it is well known that QRS voltage is not a reliable predictor of LVH on echocar-
diography or cardiac magnetic resonance imaging [10], and >50% of well-trained athletes meet voltage
criteria for LVH on ECG [8]. QRS voltage is influenced by a number of factors, including body habitus, age,
left ventricular size and left ventricular mass. Males, athletes and black/African individuals typically
have higher QRS voltage, while obesity, older age and pulmonary disease may be associated with lower QRS
voltage [11].

In patients with hypertrophic cardiomyopathy (HCM), isolated increased QRS voltage is uncommon, being
seen in around 2% of cases [12]. However, HCM and other causes of pathological LVH are often associated
with a number of other ECG abnormalities, such as T-wave inversion, ST depression and pathological
Q-waves. Accordingly, isolated increased QRS voltage in an asymptomatic athlete with a negative family
history in the absence of other ECG abnormalities is not a reliable indicator of LVH or HCM and thus does not
require further evaluation. See Chapters 11 and 19 for further information on the ECG abnormalities found
in HCM.

Repolarisation Findings in Relation to Age and Ethnicity

An athlete’s age and ethnicity have a significant impact upon their cardiovascular remodelling response to
physical activity (see Chapter 5). It is now recognised that there are specific repolarisation patterns in young
adolescents and, specifically, in black/African athletes that are normal variants and should be distinguished
from abnormal findings suggestive of a pathologic cardiac disorder [13].

T-wave inversion is commonly observed in young adolescent athletes <16 years of age. These repolarisation
changes are often called the ‘juvenile’ ECG pattern, which is characterised by T-wave inversion in leads
V1-V3.This repolarisation pattern reflects right ventricular dominance and a posteriorly directed repolari-
sation polarity in young children. With increasing age, the dominance transfers from right to left, with a
resultant reversal of repolarisation polarity, which may be observed on the ECG. Eventually, after puberty,
the adult ECG pattern is observed, with T-wave inversion limited to V1. Accordingly, T-wave inversion in
V1-V3 in an asymptomatic athlete <16 years of age without a family history of SCD does not require further
testing.

As mentioned previously, early repolarisation is common in athletes and is usually characterised by an
elevated ST segment with upward concavity, ending in a positive (upright ‘peaked’) T-wave. However, there
is also a normal variant of early repolarisation observed in up to 23% of black/African athletes, characterised
by an elevated ST segment with upward convexity (‘dome—shaped’), followed by a negative T-wave confined
to leads V1-V4 (Figure 10.5) [14]. The presence of either the common or the variant repolarisation pattern
in asymptomatic black/African athletes with a negative family history does not require additional testing.
It should be noted, however, that T-wave inversion in the lateral leads (V5-V6) is always considered abnormal
and requires additional testing to rule out HCM or other cardiomyopathies [15].

Repolarisation variants in black/African athletes must also be distinguished from pathological repolarisation
changes in the anterior precordial leads found in ARVC and Brugada-pattern ECGs. In ARVC, the ST seg-
ment is usually isoelectric prior to T-wave inversion (Figure 10.4B), in contrast to the ‘domed’ ST-segment
elevation which is the hallmark feature of the normal repolarisation variant in black/African athletes
(Figure 10.5). In Brugada-pattern ECGs, the marked J-point elevation and downsloping ST segment prior
to T-wave inversion (Figure 10.4C) distinguishes this from the ‘domed’ ST segment elevation preceding the
negative T-wave in black/African athletes. All pathological repolarisation changes in the anterior precordial
leads suggesting either ARVC or possible Brugada syndrome require additional testing.

Criteria for Interpretation of the Athletes’ ECGs

In 2010, the European Society of Cardiology (ESC) produced ‘revised’ recommendations for the inter-
pretation of ECGs of athletes [16]. This was in response to an increasing number of sports governing
bodies undertaking pre-participation cardiovascular screening and producing an unacceptably high yield
of false-positive reports, arising from misinterpretation of physiological ECG changes commonly observed
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Figure 10.5 A 17-year-old asymptomatic black/African football player demonstrating ‘domed’ ST elevation
followed by T-wave inversion in leads V1-V4 (circles) and voltage criteria for LVH

in athletes. To demonstrate improved specificity, the authors reanalysed the ECGs of 1005 highly trained
athletes reported a decade earlier [17]. Originally, 40% (402) presented an abnormal ECG (so called
‘group 2’ changes). This was lowered to 11% using the 2010 ESC recommendations. However, it has
since been demonstrated that certain black ethnic populations, such as African, Afro-Caribbean and black
Latin American, continue to demonstrate a high prevalence of abnormal ECGs (~20-40%) when using
the 2010 ESC recommendations [1,8,18].

To address this issue, in 2012, an international team of experts produced the ‘Seattle Criteria’ [19]: a
revision of ECG interpretation guidelines for athletes, aimed at providing greater accuracy in identifying
those with cardiac pathology, whilst also attempting to reduce the false-positive rate. The Seattle Criteria
have demonstrated favourable results compared to the ESC recommendations, reducing the number of
ECGs previously considered abnormal (from 17 to 4%) in a population of high-level athletes, whilst still
identifying all athletes with cardiac pathology [20].

Recently, however, additional ‘Refined Criteria’ for the interpretation of athletes’ ECGs have been published
[21]. These Refined Criteria were produced following an analysis of data derived from an interpretation of
the ECGs of over 5000 athletes utilising both the ESC recommendations and the Seattle Criteria. Sheikh
et al. [21] demonstrated that the ECG patterns of isolated atrial enlargement (left and right), axis deviation
(left and right) and RVH, found in both the ESC recommendations and the Seattle Criteria, provided an
extremely low diagnostic yield for cardiac pathology. A unique feature of this investigation was a validation
assessment in 103 young athletes with confirmed HCM, whereby the Refined Criteria identified 98.1% of
HCM cases.

The Refined Criteria differ from the ESC recommendations and the Seattle Criteria in that asymptomatic
athletes without a family history of SCD do not receive further cardiovascular evaluation when presenting
with the following recognised training-related ECG changes in isolation: (i) left atrial enlargement (LAE);
(ii) right atrial enlargement (RAE); (iii) left axis deviation (LAD); (iv) right axis deviation (RAD); and (v)
Sokolow—Lyon voltage criteria for RVH. In line with the Seattle Criteria, a corrected QT interval (QTc,
corrected by Bazett’s formula) of <470 ms in male and <480 ms in female athletes is considered normal. In
addition, T-wave inversion preceded by convex ST-segment elevation in leads V1-V4 n asympromatic black
athletes only does not require further investigation. However, importantly, the presence of zzwo or more of ECG
patterns (i)—(v) does warrant secondary investigation (Figure 10.6).

It is worth noting that the Refined Criteria are not an evolution of the 2012 Seattle Criteria, but use ECG
parameters from both the 2010 ESC recommendations and the Seattle Criteria. To date, only one other
group has utilised these new Refined Criteria. Riding et al. [22] observed that the Refined Criteria reduced
the prevalence of an abnormal ECG to just 5.3% (p<0.0001), from 11.6% when using the Seattle Criteria
and from 22.3% when using the 2010 ESC recommendations. Further, specificity was significantly improved
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Abnormal ECG findings

Normal ECG findings ¢ T-wave inversions beyond V2 in

» Voltage QRS criteria for LVH or Caucasian adult athletes; beyond V4
RVH in black athletes
* Incomplete RBBB ¢ ST-segment depression
 Early repolarisation/ST-segment ¢ Pathological Q-waves
elevation ¢ Complete LBBB
* ST elevation followed by T-wave * |VCD =140 ms
inversion in V1-V4 in black ¢ Ventricular pre-excitation
athletes » Long QT interval
* T-wave inversion in V1-V3 < age ¢ Profound sinus bradycardia <30
16 Borderline ECG findings beats.min™"
¢ Sinus bradycardia or arrhythmia * Profound first-degree AV block =400 ms

* Left or right atrial

» Ectopic atrial or junctional
enlargement

* Mobitz Type Il second-degree AV block

rhythm ) ) ¢ Third-degree AV block
« First-degree AV block * Left or right axis « 2 PVCs per 10 seconds
* Mobitz type | second-degree AV deviation e Atrial tachyarrhythmias
block * Complete RBBB ¢ Ventricular arrhythmias
In isolation Two or more
No further evaluation Further evaluation
required required
In asymptomatic athletes with no To investigate for pathologic
family history of inherited cardiac cardiovascular disorders
disease or SCD associated with SCD in athletes

Figure 10.6 Definition of an abnormal ECG using the Refined Criteria. AV, atrioventricular; RBBB, right bundle
branch block; LVH, left ventricular hypertrophy; LBBB, left bundle branch block; IVCD, intraventricular conduction
delay; SCD, sudden cardiac death

to 94% across all athlete ethnicities (Arabic, black African and Caucasian; p<0.0001) (compared to 87.5%
with the Seattle Criteria and 76.6% with the ESC recommendations). Importantly, 100% sensitivity for
serious cardiac pathologies was maintained. It is hoped that the Refined Criteria will be adopted for wide-
spread use in the interpretation of athletes’ ECGs in coming years.

Conclusion

An increasing number of sports governing bodies are adopting ECG screening as part of the pre-participation
assessment of athletes, and ECG screening is recommended by the current ESC, Fédération Internationale
de Football Association (FIFA) and International Olympic Committee (IOC) guidelines. A well-trained
athlete will undergo structural cardiac remodelling, and this is apparent on the resting 12-lead ECG. It is
thus essential that the ECG is interpreted correctly, in the context of the athlete’s age, ethnicity and level of
fitness. The ECG can provide valuable information when interpreted properly, accounting for the electrical
and structural changes that are a common result of regular training. A false-positive report can be just as
devastating to the athlete as confirmation of significant cardiac pathology, with both leading to further inves-
tigations and potential restriction of sporting activity — unnecessary in the former case, essential in the latter.
Therefore, ECG findings related to athletic ad